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ABSTRACT 

This  report  covers  in  detail  the  research  work  of  the  Solid  State  Division  at  Lincoln 
Laboratory  for  the  period  1  November  1 99 1  through  3 1  January  1 992.  The  topics  covered  are 
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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

An  analytical  model  has  been  developed  for  the  effect  of  incomplete  smoothing  in  mass-transported 
microlenses.  The  knowledge  of  acceptable  residual  ripples  that  is  obtained  can  result  in  practical  time-saving 
measures  in  the  fabrication  of  large-aperture  microlenses. 

Signal  cancellation  measurements  have  been  performed  on  integrated-optical  modulators  being 
developed  for  an  adaptive  nulling  system.  Cancellation  of  ~  36  dB  has  been  obtained  over  the  frequency  band 
5  to  7  GHz. 

Aluminum-free,  strained-layer  quantum-well  lasers  have  been  fabricated  with  a  GalnAsP  quaternary 
alloy  as  the  optical-confmement-layer  material.  These  devices,  which  have  deeper  quantum  wells  than  earlier 
aluminum-free  devices  withGaAs  confinement  layers,  exhibit  differential  quantum  efficiencies  >  40%/facet. 

2.  QUANTUM  ELECTRONICS 

An  analytic  solution  has  been  obtained  for  the  stress- induced  birefringence  in  a  Nd:  Y AG  disk  when  the 
thermal  distribution  is  Gaussian.  For  uniform  illumination  of  the  disk,  the  round-trip  loss  due  to  the  stress- 
induced  birefringence  and  an  intracavity  polarizer  is  calculated  numerically  and  compared  with  the  case  for 
uniform  heat  distribution  within  the  disk. 

3.  MATERIALS  RESEARCH 

The  first  GalnAsSb/AIGaAsSbdiode  lasers  with  a  quantum-well  active  region  have  been  demonstrated. 
These  devices,  which  emit  at  2. 1  ^m,  show  a  dramatic  improvement  in  performance  over  double-heterostructure 
GalnAsSb/AIGaAsSb  lasers,  with  continuous  output  power  up  to  190  A/cm^  for  operation  at  a  heatsink 
temperature  of  20°C. 

The  sensitivity  of  infrared  focal  plane  arrays  (FPAs)  utilizing  Si-based  detectors  has  been  increased  by 
using  monolithic  microlens  arrays  to  increase  the  detector  fill  factor.  Each  microlens,  which  is  fabricated 
directly  on  the  back  side  of  the  FPA  Si  wafer  in  registration  with  an  individual  pixel,  serves  as  a  reimaging 
field  lens  between  the  primary  objective  lens  and  the  FPA  to  refocus  the  incident  radiation  onto  the  detector. 

In  growth  interruption  experiments  performed  to  investigate  the  potential  of  in  situ  CH3I  etching 
technology,  organometallic  vapor  phase  epitaxy  has  been  used  to  grow  a  second  GaAs  epilayer  on  first 
epilayers  that  were  either  untreated  or  etched  in  a  separate  reactor  with  CH3I  vapor  and/or  H2SO4.  For  CH3I 
etch  temperatures  below  500°C,  the  surface  morphology  and  low-temperature  photoluminescence  are 
comparable  for  epilayers  grown  on  CH3l-etched  and  untreated  first  epilayers,  while  carrier  concentration 
depth  profiles  show  that  CH3I  etching  not  only  introduces  very  little  electron  accumulation  at  the  regrowth 
interface  but  also  eliminates  most  of  the  electron  accumulation  resulting  from  H2SO4  etching. 
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4.  SUBMICROMETER  TECHNOLOGY 

An  AlGaAs  surface-em  itting  semiconductor  laser,  grown  by  molecular  beam  epitaxy  and  incorporating 
a  circularly  symmetric  grating  of  period  \  =  0.25  jum,  has  been  fabricated  using  electron-beam  lithography. 
Azimuthal  variations  in  the  grating  linewidth  are  shown  to  have  a  significant  impact  on  the  spatial  modes  of 
the  laser. 

An  all-dry  technique  has  been  developed  for  selective-area  growth  of  Si02  films  induced  by  excimer 
laser  photolysis.  Patterning  of  0.5-/im  features  has  been  achieved,  and  pattern  transfer  using  oxygen  reactive 
ion  etching  has  been  demonstrated. 

5.  HIGH  SPEED  ELECTRONICS 

A  new  type  of  power  GaAs  permeable  base  transistor  (PBT)  has  been  fabricated  that  uses  a  monolithic 
multicell  design.  The  dc  and  RF  performance  of  these  devices  scales  well  from  that  of  earlier  single-cell  PBTs. 

Data  from  computer-aided  active  load-pull  measurements  of  multicell  PBTs  have  been  used  to  design 
high-efficiency  20-GHz  power  amplifiers.  Fabricated  amplifiers  have  demonstrated  an  output  power  of 
430  mW  with  a  power-added  efficiency  of  33%. 

6.  MICROELECTRONICS 

A  charge-coupled  device  (CCD)  architecture  for  implementing  radix-4  fast  Fourier  transforms  (FFTs) 
has  been  developed.  Based  on  an  error  analysis  and  computer  simulation  of  the  effects  of  weight  truncation 
and  round-off  error  in  computation,  a  1 024-point  FFT  in  which  each  output  is  accurate  to  approximately  6  bits 
can  be  obtained  using  intermediate  computations  accurate  to  8  bits. 

7.  ANALOG  DEVICE  TECHNOLOGY 

A  flexible,  analog-ternary  (plus,  minus,  and  zero  reference  weights)  dual-correlator  chip  has  been 
designed  and  fabricated  using  a  custom  2-^m  CMOS/CCD  process.  The  two  identical  and  independent 
correlator  subunits  have  programmable  lengths  of  up  to  5 12  samples  andean  operate  at  up  to50-MHz  sample 
rates. 

A  gas  conduction  heater  has  been  demonstrated  'hat  is  capable  of  heating  a  2-in.-diam  LaAIO^  substrate 
to  720°C  with  a  temperature  difference  over  the  substrate  area  of  <  1°C.  This  heater  has  been  used  to  deposit 
uniform  YBCO  superconductive  films. 
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1.  ELECTROOPTICAL  DEVICES 


1.1  TOLERANCE  FOR  RESIDUAL  RIPPLES  IN  MASS-TRANSPORTED  MICROLENSES 


Microlenses  fabricated  by  mass-transport  smoothing  of  multilevel  mesa  structures  in  semiconductor 
substrates  have  high  indices  and  accurate  profiles  and  are  potentially  well  suited  for  large-numerical-aperture 
microoptical  applications  [  1  ].  Because  of  the  very  strong  spatial  dependence  of  the  mass-transport  process  [2], 
longer  times  are  needed  to  totally  smooth  out  wide  steps  in  the  fabrication  of  large-aperture  (a  few  hundred 
micrometers)  microlenses.  Knowledge  of  acceptable  incomplete  smoothing  can  therefore  result  in  practical 
time-saving  measures.  In  this  work,  we  develop  an  analytical  model  for  the  effect  of  residual  ripples  and  obtain 
simple  expressions  for  power  losses  in  the  collimated  beam  and  for  the  scattered  radiation. 

As  illustrated  in  Figure  l-l(a),  the  etched  multistep  structure  usually  has  a  constant  step  width  A.  The 
step  height,  on  the  other  hand,  is  directly  proportional  to  the  distance  from  the  center,  because  the  designed 
lens  profile  is  usually  very  close  to  parabolic.  In  mass  transport  smoothing  the  comers  first  become  rounded, 
and  the  multistep  surface  profile  becomes  sinusoidal.  The  amplitude  then  undergoes  an  exponential  decay, 
and  a  completely  smooth  lens  surface  is  finally  formed  [l],(2].  When  an  incomplete-y  smoothed  lens  is  used 
in  beam  collimation,  the  ripple  results  in  additional  optical  path  length  variations  and  hence  a  corresponding 
ripple  in  an  otherwise  collimated,  flat  wavefront  in  the  near  field,  as  illustr  ted  m  Figure  l-!(b).  Here,  we  first 
consider  the  simple  case  of  a  cylindrical  lens  uniformly  illuminated  by  the  incident  beam.  Gaussian-beam 
illumination  will  be  treated  later. 

By  superposition  of  waves  originating  at  po.nts  across  the  aperture,  as  illustrated  in  Figure  l-l(b),  the 
far-field  amplitude  is  given  by 
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where  Eq  is  the  cential .  .aximur.i ' .  lOut  the  residual  ripples  (i.e.,  when  5  =  0),  D  is  the  microlens  aperture, 
A  is  the  wavelenpth  of  light  in  vacuc  n,  n  is  the  refractive  index  of  the  lens  material,  and  b  is  the  maximum 
full  amplitude  oi  ihe  residual  rippk.  jince  only  ripples  with  amplitude  5  much  smaller  than  the  wavelength 
A  are  considered,  v  .  have 
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Figure  /-/.  (a)  Residual  ripple  in  a  microlens  due  to  incomplete  mass-transport  smoothing,  th)  Effect  of  the  residual 
ripple  on  beam  collimation.  In  actual  microlens  fabrication,  the  step  width  A  is  typically  10  pm  and  the  step  heights  range 
from  0.2  to  3  pm. 


It  can  readily  be  shown  that  the  third  term  on  the  right-hand  side  gives  rise  to  very  low  intensity  scattered  light 
at  large  angles  and  can  therefore  be  neglected.  By  substituting  Equation  ( 1 .2)  into  ( 1 . 1 ),  the  integral  is  readily 
evaluated  term  by  term  to  yield 
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where  ^  s  ndDfX,  ^  INn,  and  ^  2Nn.  Here,  N  s  (1/2)D/A,  the  number  of  steps  in  the  origi¬ 
nal  etched  structure.  The  first  term  on  the  right-hand  side  of  Equation  (1.3)  is  the  well-known  diffraction 
pattern  of  an  aperture  of  width  D  and  is  the  collimated  beam  from  an  ideal  microlens  without  the  residual 
ripple.  The  second  term,  which  is  due  to  the  ripple,  brings  the  amplitude  down  slightly  [see  Equation  (1.4) 
below]  but  otherwise  effects  little  change  in  that  pattern.  The  third  term  represents  a  pair  of  scattered  beam 
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patterns  centered  at  <^  =  ±  2Nn,  where  the  maximum  amplitude  is  [0.22;r(/j  -  l)5/A]£o-  Note  that  the  factor 
i  represents  a  temporal  90°  phase  shift  with  respect  to  the  central  beam.  An  entire  far  field  calculated  for  8  = 
2720,  n  =  3.2,  and  A/  =  5  is  illustrated  in  Figure  l-2(a). 
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Figure  1-2.  (a)  Calculated  far-field  amplitude  of  a  uniformly  illuminated  cylindrical  microlens  with  a  residual  ripple 
of  5=  X/20,  n  =  3.2,  and  A  =  DUO.  The  scattered  light,  as  given  hy  the  third  term  on  the  right-hand  side  of  Equation  (1.3), 
has  a  temporal  90°  phase  shift  with  respect  to  the  collimated  beam,  (h)  Same  far  field  as  in  (a)  hut  with  a  truncated 
Gaussian  illumination  on  the  microlens,  (c)  Far  field  of  the  microlens  under  Gaussian  illumination. 
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The  central  maximum  is  obtained  by  substituting  0  =  0  in  Equation  (1.3): 
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Note  that  the  real  part,  which  is  the  dominant  term,  is  determined  by  the  mean-square  deformation  of  the 
wavefront  [3]. 

When  the  microlens  is  used  to  collimate  a  Gaussian  beam  of  width  w,  the  far-field  amplitude  is  given 
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The  integrals  can  be  evaluated  analytically  for  either  w  >  D/2  or  w  «  Dll. 
When  w  >  Dfl,  we  have 
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By  substituting  Equations  (1.2)  and  (1.6)  into  (1.5),  the  integrals  can  be  evaluated  term  by  term  to  yield 
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The  far-field  pattern  calculated  for  5  =  A/20, /I  =  3.2,  A/ =  5,  and  w  =  a/2  D/2  is  shown  in  Figure  1 -2(b).  Note 
the  close  similarity  to  Figure  I -2(a),  except  for  a  somewhat  wider  central  lobe  and  lower  fringes. 

When  w  «  D/2,  the  integration  limits  in  Equation  ( 1 .5)  can  be  taken  as  ±  «>,  and  the  integrals  can  be 
evaluated,  with  the  aid  of  tables  of  definite  integrals  [4],  to  yield 
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where  ^  s  ;rw0/A,  =  ^  +  2N7Cw/D,  and^"  =  l^-lNilwID.  The  central  maximum  is  then  given  by 
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The  field  distribution  calculated  for  8=  A/20,  «  =  3.2,  A/ =  5,  and  w  =  DIA  is  shown  in  Figure  I -2(c).  Note  the 
smaller  scattering  compared  to  those  in  Figures  l-2(a)  and  l-2(b). 

The  effect  of  the  residual  ripple  is  smaller  for  Gaussian-beam  illumination  because  of  the  graded  ripple 
amplitude.  The  effect  can  be  kept  small  for  either  case  by  making  the  overall  amplitude  5  sufficiently  small. 
For  instance,  with  5=  A/20  (or  50  nm  for  A  =  1  /tm),  the  fractional  power  loss  1-[E(0)/£o]  >  as  calculated 
from  Equation  ( 1 .4),  is  only  2%. 

In  conclusion,  a  simple  technique  has  been  developed  to  quantitatively  assess  acceptable  incomplete 
smoothing  in  mass-transported  microlenses.  This  can  result  in  practical  time-saving  measures  in  the 
fabrication  of  large-aperture  microlenses. 

Z.  L.  Liau 


1.2  INTEGRATED-OPTICAL  MODULATOR  CANCELLATION  MEASUREMENTS 

An  adaptive  nulling  system  based  on  optical  technology  is  being  developed  for  microwave/  millimeter- 
wave  multielement  antenna  systems  [5].  This  nulling  technique  involves  intensity  modulating  separate  optical 
carrier  waves  with  each  of  the  antenna  RF  signals.  Once  the  RF  signals  are  on  an  optical  carrier,  nulling 
operations  such  as  complex  weighting,  time  delay,  and  summing  are  implemented  optically,  taking  advantage 
of  the  small  fractional  bandwidth  of  the  modulated  optical  signal  to  more  easily  achieve  channel  tracking. 
Previously  [6],  we  demonstrated  that  integrated-optical  interferometric  intensity  modulators  provide  the 
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channel  tracking  required  in  both  amplitude  and  phase  to  achieve  null  depths  >  40  dB  over  the  frequency  band 
5  to  7  GHz.  In  this  report,  the  results  of  a  signal  cancellation  experiment  utilizing  these  modulators  are 
described. 

The  cancellation  measurement  arrangement  is  illustrated  in  Figure  1-3  and  consists  of  two  optical 
channels,  each  comprising  a  matched  traveling- wave  interferometric  modulator  as  well  as  a  low-speed 
modulator  to  provide  relative  amplitude  weighting.  To  maximize  cancellation,  a  single  diode-pumped 
Nd.YAG  laser  source  provides  the  optical  power,  which  is  split  between  the  two  channels.  Similarly,  the 
modulator  RF  drive  signals  are  provided  by  a  single  source.  The  optical  signals  from  the  two  channels  are 
combined  noncoherently  in  a  multimode  fiber  coupler  and  measured  on  a  single  photodetector.  By  biasing  the 
front-end  modulators  on  opposite  slopes,  a  1 80°  phase  shift  is  obtained  between  the  two  channels  so  that 
cancellation  can  be  realized.  Dispersion  effects  are  minimized  by  carefully  matching  the  path  lengths  of  the 
two  channels  between  the  RF  splitter  and  the  optical  combiner. 
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Figure  1-3.  Illustration  of  the  system  for  optical  modulator  cancellation  measurement. 


Results  are  shown  in  Figure  1-4  for  signal  cancellation  measurements  over  the  frequency  band  5  to  7  GHz. 
The  upper  trace  shows  the  detector  output  measured  on  the  network  analyzer  for  the  case  where  both  channels 
are  in  phase  (both  modulators  biased  with  the  same  slope),  and  the  lower  trace  shows  the  maximum 
cancellation  obtained  with  the  180°  bias  condition.  Cancellation  varies  across  the  frequency  band,  but  an 
average  of  ~  36  dB  is  obtained.  This  is  an  encouraging  result  for  nulling  systems  applications.  As  expected, 
measured  channel  cancellation  was  a  strong  function  of  both  the  relative  amplitude  weighting  and  the  path 
length  difference  between  the  two  channels. 
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Figure  1-4.  Network  analyzer  cancellation  measurements.  The  upper  trace  shows  the  detector  output  when  both 
channels  are  in  phase,  and  the  lower  trace  shows  the  maximum  cancellation  obtained  with  the  180°  bias  condition. 


Based  on  modulator  measurements  alone,  cancellation  across  the  band  is  predicted  to  be  ~  SO  dB.  Other  system 
factors,  including  optical  scattering,  multiple  reflections,  and  detector  speckle  effects,  are  being  investigated 
to  explain  the  discrepancy. 

L.  M.  Johnson  W.  K.  Hutchinson 

H.  V.  Roussell  A.  Sonnenschein 


1 J  InGaAs/GalnAsP/GalnP  DIODE  LASERS 

Aluminum-free  GaAs-based  strained-layer  single-quantum-well  (SSQW)  separate-confinement 
heterostructure  (SCH)  lasers  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE)  have  been  previously 
reported  [7],  These  devices,  with  emission  in  the  980-nm  range  of  interest  for  pumping  Er-doped  fiber 
amplifiers,  utilize  Ino.  18030.82 As  as  the  strained-layer  quantum-well  material,  GaAs  for  the  separate- 
confinement  region,  and  Ga(;  5 1  Ino.49P  for  the  cladding.  The  threshold  current  densities  7th  <  •  00  A/cm^  were 
very  low,  but  the  measured  differential  quantum  efficiencies  7]^  <  35%/facet  were  below  the  40  to  45%/facet 
values  for  the  best  AIGaAs  lasers. 

The  choice  of  GaAs  as  the  separate-confinement  layer  material  simplifies  the  epitaxial  growth  of  the 
first  structures.  For  an  Al^ai.jjAs  SCH  structure,  the  confinement  layers  are  typically  an  alloy  with  x  =  0.2. 
A  comparable  aluminum-free  SSQW  SCH  laser  structure  can  also  be  made  using  a  GalnAsP  quaternary  alloy 
as  the  confinement-layer  material.  A  first  report  of  such  devices  is  given  here,  and  broad-area  characterization 
results  are  presented.  Very  high  in  excess  of  40%/facet  is  obtained. 

The  device  structure  investigated  is  shown  in  Figure  1-5.  The  Ga;fIn|.jfAsyPi.y  alloy  with  x  ~  0.7  and 
y  =  0.3  has  an  energy  gap  of  1 .65  eV,  which  is  about  the  same  as  that  of  Alo.2Gao,8As.  For  these  first  structures 
with  the  GalnAsP  alloy  instead  of  GaAs,  the  confinement-layer  thickness  was  increa.sed  to  0.2  //m  from 
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0. 1  /im  to  compensate  for  the  smaller  refractive-index  step  at  the  confinement-cladding  junction.  The  structure 
was  grown  in  a  chimney-type  OMVPE  reactor  incorporating  susceptor  rotation  and  operating  at  atmospheric 
pressure  [8],  The  growth  temperature  was  650°C  for  all  layers  except  the  p-type  GaAs  contact  layer.  To 
increase  the  zinc-acceptor  incorporation,  the  contact  layer  was  grown  at  600°C,  which  gives  p"*"  =  5  x 
lO’^cm"^  and  a  low  specific  contact  resistance  of  5  x  10'^  Q  cm^.  Details  of  the  OMVPE  growth  of  the  SCH 
SSQW  structures  with  GalnAsP  alloy  confinement  layers  have  been  reported  recently  [9]. 

I969f9  S 


Gao  ylHg  gASp  sPq  7 

Gao  ylHo  gASg  3P0  7 


Figure  I  -5.  Aluminum-free  GaAs-hased  SS0W  SCH  structure  with  l.6S-eV  handgap  Gaoyino  jAsojPo.7  ttlloy  used  as 
the  confinenent-layer  material. 

The  measured  single-ended  output  power  vs  input  current  for  a  broad-area  device  is  shown  in  Figure 
I  -6.  A  225-/im-wide  stripe  was  defined  by  etched  isolation  grooves,  and  the  device  cleaved  to  a  660-pm  cavity 
length.  For  this  device  7th  =  230  A/cm^,  which  is  about  twice  that  reported  in  [7]  for  devices  of  the  same  length. 
This  increase  is  attributed  to  the  reduced  confinement  factor  that  results  from  the  larger  confinement-layer 
width. 

The  notable  feature  of  Figure  I  -6  is  the  large  increase  in  rj^  over  the  values  for  the  GaAs-confinement- 
layer  structures.  The  deeper  quantum  well  that  results  from  using  GalnAsP,  rather  than  GaAs,  as  the 
confinement  layer  is  thought  to  account  for  the  improved  efficiency.  An  alternative  explanation  is  that  the  free- 
carrier  absorption  is  reduced  in  the  structure  with  the  wider,  undoped  confinement  layers.  However,  increasing 
this  width  in  the  GaAs-confinement  devices  has  produced  no  increase  in  r/^/.  Experiments  are  now  under  way 
to  establish  the  effect  of  the  confinement  width  and  to  optimize  the  structure  with  the  quaternary  confinement 
layers. 

S.  H.  Groves  L.  J.  Missaggia 

J.  N.  Walpole  P.  S.  Day 

A.  Napoleone 

8 


196919-6 


Figure  1-6.  Single-ended  output  power  v.s  input  current  for  a  hroad-area  device  having  the  structure  of  Figure  1-5, 
660-p/n  length,  and  225-pm  width. 
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2.  QUANTUM  ELECTRONICS 


2.1  HIGH-POWER  CW  OPERATION  OF  MICROCHIP  LASERS 

Heat  removal  from  laser  rods  is  typically  done  by  cooling  the  cylindrical  surface  of  the  rod.  For  the  case 
of  uniform  pumping,  where  little  heat  or  no  heat  is  removed  from  the  rod  faces,  the  resulting  temperature  and 
stress  distributions  in  the  rod  have  only  a  radial  dependence  [  1  ].  For  end-pumped  laser  geometries,  where  the 
pump  source  for  the  laser  is  itself  a  laser,  the  distribution  of  heat  within  the  laser  rod  is  no  longer  uniform  but 
often  has  a  Gaussian  distribution.  If  the  heat  deposition  is  uniform  along  the  length  of  the  rod  (which  is  a  good 
approximation  for  disk  geometries),  analytic  solutions  for  the  temperature  and  stress  distributions  can  be 
obtained  [2]. 

When  NdrYAG,  one  of  the  most  common  laser  media,  is  used  in  a  cylindrical  geometry  the  normally 
isotropic  crystalline  host  exhibits  a  radial  birefringence  resulting  from  the  thermally  induced  stresses.  This 
can  have  important  consequences  for  applications  in  which  the  polarization  of  the  laser  beam  is  important 
(e.g.,  for  Q  switching  and  nonlinear  frequency  conversion).  The  birefringence  can  lead  to  an  additional  cavity 
loss  if  a  polarizer  is  present  in  the  laser  cavity.  Here,  we  derive  an  expression  for  the  birefringence  that  results 
from  Gaussian  heat  deposition  in  a  Nd;  Y  AG  disk.  We  also  calculate  the  round-trip  loss  associated  with  having 
a  polarizer  within  the  laser  cavity,  for  the  case  of  uniform  illumination  of  the  gain  element  approximating  a 
multimode  signal  beam. 

The  problem  of  stress-induced  birefringence  in  Nd:  Y  AG  rods  for  the  case  of  uniform  pumping  has  been 
previously  considered  by  Koechner  and  Rice  [3J,  Foster  and  Osterink  [4],  and  Karr  [5].  For  a  cylindrically 
symmetric  pumping  profile,  the  index  of  refraction  for  the  radial  and  azimuthal  directions  can  be  expressed 
as  [3] 


«r(r)  =  «0  --jy  {pil  [3£’r(r)-(-£r^(r)  +  2ez(r)]-l-pi2  [3er(r)  +  Se^Cr) -t- 4£:^(r)] 

+  pu  \fi£r{r)  -  2£^(r)  -  4ez (/•)]} 


(2.1) 


and 


«0(£)  =  «0  -  {pi  I  [f^r('')  +  3£:^(r)  -I-  2eAr)]  +  p\2  [5er(r)  +  ^E^{r)  -I-  4ez(r)] 

-P44  [2£r(r)-6e0(r)-l-4ez(r)]|  ,  (2.2) 

where  n^r)  and  n^r)  are  the  radially  dependent  radial  and  azimuthal  indices  of  refraction,  respectively;  no 
is  the  index  of  refraction  in  the  absence  of  perturbation;  pi  i,pi2.  and  P44  are  the  photoelastic  coefficients  for 
YAG;  and  e,(r),  e^r),  and  are  the  radially  dependent  elastic  strains  in  the  radial,  azimuthal,  and  axial 
directions,  respectively.  For  an  isotropic  or  a  cubic  material,  such  as  YAG,  the  elastic  strains  can  be  related 
to  the  stresses  by 
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(2.3) 


er(0  =  -^{CTr(r)- v[cT^(r)+CTj(r)]}  , 

{o'0('-)  -  v[a;.(r)  +  cr^(r)]}  . 

^  (2.4) 

and 

f‘r('-)  =  ^{<Tz(/-)-  v[o-^(r)-f  CT0(r)]}  ,  (2.5) 

where  E  is  Young  s  modulus;  CT;-(r),  cr^r),  and  <Tj(r)  are  the  radially  dependent  radial,  azimuthal,  and  axial 
stresses,  respectively;  and  v  is  Poisson  s  ratio.  For  a  disk  geometry  with  a  radially  dependent  temperature 
distribution,  =  0.  Inserting  Equations  (2.3),  (2.4),  and  (2.5)  into  Equations  (2.1)  and  (2.2)  yields 

nr(^)  =  «0--^[Ci  ar(r)  +  C2  ^^(r)]  (2.6) 

and 

n0(r)  =  Mo -^[C2  <Tr(r)  +  Ci  <T0(r)]  ,  (2.7) 

where 

Cl  =pii  (I  -  v)  +  p,2(l-3v)  +  2p44(l+  v)  (2.8) 

and 

C2  =  Pii  (l-5v)  +  pi2(5-7v)-2p44(l+  v)  .  (2.9) 

The  birefringence  B{r)  =  nr{r)-n^{r)  is  simply 

„3 

^('■)  =  -[y(C2 -C|)[<Tr(r)-<T^(/-)]  .  (2.10) 

Substitution  of  the  previously  derived  expressions  for  the  radial  and  azimuthal  stresses  [2]  into  Equation  (2. 1 0) 
gives  for  a  Gaussian  pumping  distribution 


B(r): 


2  a  Cb  Ph 

y(r)-l  +  e-y('-) 

tcK  L 

y(r)(l-e-'5) 

(2.11) 


where  a  is  the  coefficient  of  linear  expansion,  Pf,  is  the  total  power  dissipated  as  heat  within  the  disk,  K  is  the 
thermal  conductivity,  and  L  is  the  length  of  the  disk.  Also, 


(2.12) 


^  _  (v+l)(pil  -PI2  +4p44) 
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/(/■)  =  2 
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P  ) 


and 


4  =  2 


P  ' 


py 


(2.13) 


(2.14) 


where  (Hp  is  the  radius  of  the  Gaussian  pumping  distribution  and  R  is  the  radius  of  the  disk.  An  example  of 
the  birefringence  as  a  function  of  radius  for  a  Nd;Y  AG  diskwithP=  1  cm,L  =  0.1  cm,  ft)p  =  0.1  cm.andP/, 
=  10  W  is  shown  in  Figure  2-1. 

If  a  linear  polarizer  is  inserted  into  a  laser  cavity  containing  an  end-pumped  Nd:  YAG  disk,  the  fractional 
intensity  If  of  the  1 .06-|tm  laser  radiation  rejected  by  the  polarizer  after  the  radiation  makes  a  round-trip  of 
the  cavity,  assuming  uniform  illumination  of  the  disk  by  the  laser,  is  [5] 

/r= — 2  J  sin^[5(r)]rJr  ,  (2.15) 

0 


since  the  round-trip  difference  in  retardation,  S{r)  =  27tB{r)LlX,  where  A  is  the  laser  wavelength,  is  inde¬ 
pendent  of  the  azimuthal  angle  0. 


I969l»7 


Figure  2-1.  Example  of  stress-induced  birefringence  for  a  Nd:YAG  disk  heated  with  a  Gaussian  beam.  In  this  example, 
R  =  1  cm,  L  =  O.I  cm,  (Op  =  O.I  cm,  and  P/,  =  10  W. 
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Figure  2-2.  Fractional  round-trip  loss  as  a  function  of  total  heat  load  for  uniform  I  06-pm  illumination.  The  upper  curve 
shows  the  case  for  heating  hy  a  Gaussian  beam  with  R  =  I  cm,  L  =  0.l  cm,  and  (Op  =  0.l  cm.  The  lower  curve  is  for  a 
uniform  heat  distribution.  In  this  example,  Ph  =  15  W  approximately  corresponds  to  the  maximum  stress  hat  the  crystal 
can  endure  before  fracturing. 


Uniform  illumination  of  the  disk  is  one  way  of  approximating  a  multimode  laser  beam.  Figure  2-2  shows 
the  fractional  round-trip  loss  for  uniform  laser  illumination  and  for  heating  by  a  Gaussian  ber  m  with  R  =  I 
cm,  L  =  0.1  cm,  and  (0p  =  0.1  cm.  Also  shown  in  Figure  2-2  is  the  fractional  loss  associated  with  a  uniform 
heat  distribution.  In  this  example,  F/,  =  1 5  W  approximately  corresponds  to  the  maximum  stress  that  the  crystal 
can  withstand  before  fracturing.  Comparison  of  the  twocurves  shows  that  stress-induced  birefringence  causes 
much  larger  losses  when  the  heat  is  concentrated  in  a  small  region  as  is  the  case  for  a  Gaussian  distribution. 

K.  F.  Wall 
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3.  MATERIALS  RESEARCH 


3.1  MULTIPLE-QUANTUM-WELL  GaInAsSb/AIGaA»Sb  DIODE  LASERS 

EMITTING  AT  2^  urn 

High-performance  diode  lasers  emitting  between  2  and  5  ^m  would  be  very  useful  for  applications  such 
as  laser  radar  exploiting  atmospheric  transmission  windows,  remote  sensing  of  atmospheric  gases,  molecular 
spectroscopy,  and  laser  medicine.  Lasers  that  incorporate  a  double  heterostructure  (DH)  consisting  of  a 
GalnAsSb  active  layer  and  AlGaAsSb  confining  layers  have  shown  good  performance  [  1  ],[2],  because  this 
structure  can  provide  the  high  level  of  electrical  and  optical  confinement  necessary  for  efficient  la.ser 
operation.  We  have  previously  reported  the  pulsed  room-temperature  operation  of  such  lasers  emitting 
between  2. 1  and  2.3  /im  with  differential  quantum  efficiency  rfj  as  high  as  50%  [  1  ],  output  power  as  high  as 
900  mW/facet  [  1  ],  and  threshold  current  density  as  low  as  940  A/cm^  [2].  In  addition,  CW  operation  was 
obtained  up  to  30°C,  with  output  powers  up  to  1 0.5  and  4.5  m W/facet  at  heatsink  temperatures  of  5  and  20°C, 
respectively  [1,.  Until  now,  these  have  been  the  best  values  reported  for  diode  lasers  emitting  beyond  2  /im. 
We  have  also  reported  In  AsSb/Al  AsSb  DH  lasers  emitting  at  4.0 ^m  with  CW  operation  up  to  80  K  and  pulsed 
operation  up  to  155  K  [3]. 

We  have  now  demonstrated  the  first  GalnAsSb/AIGaAsSb  diode  lasers  with  a  quantum-well  active 
region.  The  performance  of  these  lasers,  which  emit  at  ~  2. 1  jum,  is  greatly  superior  to  the  performance  of  our 
DH  devices  emitting  between  2.1  and  2.3  ^m.  Output  power  up  to  190  mW/facet  has  been  achieved  for  CW 
operation  at  a  heatsink  temperature  of  20°C. 

The  following  layers  were  grown  on  an  n-GaSb  substrate  by  molecular  beam  epitaxy:  n+-GaSb  buffer, 
2.0-^m-thickn-Alo.9Gao.iAso.o7Sbo.93  cladding,  activeconsisting  of  five  IO-nm-thickGao.84Ino.i6Aso.14Sbo.86 
wells  and  20-nm-thick  Alo.2Gao.8 As0.02Sb0.98  barriers,  2.0-/im-thick p- Alo.9Gao.  1  As0.07Sb0.93  cladding,  and 
0.05-/im-thick  p^-GaSb  contacting.  All  the  layers  are  nominally  lattice  matched  to  the  substrate.  The  growth 
and  properties  of  GaSb-based  alloys  have  been  described  previously  [4].  Broad-stripe  la.sers  100  pm  wide 
were  fabricated  using  a  lift-off  process  reported  earlier,  in  which  the  p'''-GaSb  layer  is  etched  off  the  area 
between  the  stripes  [  1  ]. 

The  emission  spectra  of  the  multiple-quantum-well  (MQW)  lasers  show  multiple  longitudinal  modes 
with  full  width  at  half-maximum  of-  5  nm.  As  the  cavity  length  L  is  decreased  from  1000  to  300  pm,  the  peak 
emission  wavelength  at  room  temperature  decreases  from  2.14  to  2.1 1  pm  as  a  result  of  band  filling.  For  a 
given  device,  the  wavelength  increases  with  temperature  at  a  rate  of  -  1.1  nm/°C  because  of  the  decrease  in 
GalnAsSb  bandgap. 

In  Figure  3- 1 , 7th  for  room-temperature  pulsed  operation  is  plotted  vs  ]/L.  As  L  is  increased  from  300 
to  2000  pm,  7th  decreases  from  630  to  260  A/cm^.  These  values  are  2  to  3  times  lower  than  those  obtained 
for  our  best  GalnAsSb/AlGaAsSb  DH  lasers  [2],  The  MQW  values  also  compare  favorably  with  those 
obtained  for  InGaA.s/lnGaAsP. strained  quantum-well  lasersemitting  at  -  1.5 pm.  The  lowest  7th  values  obtained 
for  the  InGaAs/lnGaAsP  lasers  are  1 60  A/cm^  for  a  single  quantum  well  [5]  and  -  400  A/cm^  for  four  quantum 
wells  [5], [6], 
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Fij’ure  Room-temperature  pulsed  threshold  current  density  vs  inverse  cavity  length  for  lOO-fJ/n-wide  GalnAsShI 
AlGaAsSh  MQW  lasers. 


Figure  3-2  shows  yth  vs  heatsink  temperature  for  pulsed  operation  up  to  150°C  of  an  MQW  laser 
1000  ^m  long.  Near  room  temperature  the  characteristic  temperature  Fq  is  1 13  K,  compared  with  ~  50  K  for 
DH  lasers  ( I  ],[21.  The  marked  increase  in  Tq  indicates  that  losses  due  to  Auger  recombination  are  substantially 
reduced  in  the  quantum-well  devices.  At  temperatures  higher  than  100°C,  however,  Tq  decreases  to  45  K, 
probably  because  of  the  increase  in  Auger  recombination  with  increasing  temperature.  The  dramatic 
improvement  in  the  room-temperature  Tq  value  forGalnAsSb/AlGaAsSb  MQW  lasers  relative  to  DH  devices 
is  in  marked  contrast  with  the  results  for  InGaAs/InGaAsP  lasers.  For  both  DH  and  quantum-well  InGaAs/ 
InGaAsP  devices,  the  Tq  values  are  ~  50  K  [7],  except  for  one  report  [5]  of  Tq  as  high  as  97  K  for  MQW  lasers. 


Figure  3-2.  Pulsed  threshold  current  density  vs  heatsink  temperature  for  a  lOOO-fJm-long  GalnAsShI  AlGaAsSh  MQW 
laser. 
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Figure  3-3  shows  a  plot  of  Tj/'  as  a  function  of  L.  The  highest  value  of  is  70%  forL  =  300  jum.  From 
the  intercept  and  slope  of  the  straight  line  fitted  to  the  data  the  internal  quantum  efficiency  is  ~  87%,  and  the 
internal  loss  coefficient  a  is  ~  10  cm'*  compared  with  43  cm  ’  obtained  for  DH  lasers  [2],  The  substantial 
reduction  in  a  results  from  a  decrease  in  optical  confinement  in  the  thinner  MQW  active  layers  because  the 
absorption  in  the  cladding  is  smaller  than  in  the  active  layers. 
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Figure  3-3.  Inverse  differential  quantum  ejficiertcyv.s  cavity  length  for  lOO-IXnt-wideGalnAsShlAIGaAsSh  MQW  lasers. 


Lasers  with  a  silicon-nitride-defined  stripe  100  ^m  wide  were  fabricated  for  CW  operation.  Because 
of  current  spreading  in  the  p'*'  contacting  layer  below  the  silicon  nitride,  the  pulsed  7ih  values  were  about 
50%  higher  than  those  shown  in  Figure  3-1  for  mesa-stripe  devices.  Several  devices  1000  ^m  long  have  been 
mounted  junction  side  down  on  copper  heatsinks  using  In  solder.  Figure  3-4  .shows  the  output  power  vs  cur¬ 
rent  curve  for  a  device  operated  at  a  heatsink  temperature  of  20°C.  The  threshold  current  is  ~  570  mA,  and 
the  initial  slope  efficiency  is  ~  0. 1  W/A  per  facet.  The  maximum  output  power  is  190  mW/facet,  limited  by 
the  junction  temperature  ri.se.  Another  device,  whose  facets  are  coated  with  10-nm-thick  aluminum  oxide,  is 
being  lifetested  at  a  heatsink  temperature  of  20°C.  No  appreciable  degradation  has  been  ob.served  over  more 
than  300  h  of  operation  at  a  CW  output  power  of  90  mW/facet. 

These  GalnAsSb/AlGaAsSb  quantum-well  lasers  show  a  dramatic  improvement  in  performaiwe  over 
DH  lasers,  and  optimization  of  the  MQW  structure  can  be  expected  to  result  in  further  improvement. 
Incorporation  of  strained  quantum  wells,  which  can  easily  be  accomplished  by  changing  the  compositions  of 
the  GalnAsSb  wells  and  AlGaAsSb  barriers,  may  also  lead  to  improved  performance,  in  view  of  the  marked 
superiority  of  strained-layer  InGaAs/AIGaAs  and  InGaAs/lnGaAsP  quantum-well  lasers  over  lattice- 
matched  devices. 


H.  K.Choi 
S.  J.  Eglash 
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Fif^ure  3-4.  Output  power  vs  current  for  CW  operation  of  a  lOO-fJm-wide  hy  lOOO-^m-lon^  GalnAsShlAIGaAsSh  MQW 
laser. 


3.2  IMPROVEMENT  IN  INFRARED  FOCAL  PLANE  ARRAY  SENSITIVITY  BY  USING 

MONOLITHIC  Si  MICROLENS  ARRAYS 

The  most  highly  developed  technology  currently  available  for  large-area  staring  infrared  (IR)  focal 
plane  arrays  (FPAs)  utilizes  silicide  Schottky-barrier  detectors  [8],  even  though  these  intemal-photoemission 
detectors  have  much  lower  quantum  efficiencies  than  detectors  based  on  interband  absorption  in  semiconduc¬ 
tors  such  as  HgCdTe  and  InSb.  The  advantage  of  the  silicide  detectors  is  that  they  are  fabricated  on  Si 
substrates  by  standard  integrated  circuit  processing  techniques.  Therefore,  it  is  possible  to  manufacture  large, 
highly  uniform  arrays  of  detectors  that  are  monolithically  integrated  with  low-noise  Si  readout  circuitry. 
However,  the  usual  monolithic  approach  has  the  significant  drawback  of  a  reduced  detector  fill  factor,  since 
some  fraction  of  the  pixel  area  must  be  used  for  readout.  Typical  fill  factors  are  30  to  50%  for  arrays  with  CCD 
readout.  The  fill  factor  and  therefore  the  FPA  sensitivity  can  be  improved  by  using  a  microscopic  lens  array 
to  redirect  the  incident  radiation  onto  the  detectors.  Various  microlens  configurations  have  been  proposed, 
including  complex  diffractive  gratings  [9]  and  miniature  refractive  elements  [10].  Improvement  in  sensitivity 
has  been  demonstrated  by  Erhardt  et  al.  [  1 1  ],  who  used  a  hybrid  cylindrical  lens  array  mechanically  attached 
to  a  32  X  63-element  PtSi  array  with  a  fairly  large  pixel  size  of  80  x  160  iJ.m. 

We  are  developing  monolithic  two-dimensional  arrays  of  quasispherical  Si  microlenses  that  are  etched 
directly  into  the  back  side  of  back-illuminated  FPAs.  As  shown  schematically  in  Figure  3-5,  each  microlens, 
which  is  in  registration  with  an  individual  pixel,  serves  as  a  reimaging  field  lens  between  the  primary  objective 
lens  and  the  FPA.  If  the  f-numberof  the  field  lens  is  properly  designed,  almost  all  incoming  IR  radiation  can 
be  collected  by  the  detector,  resulting  in  a  fill  factor  approaching  100%  Figures  3-6(a)  and  3-6(b)  show 
perspective  and  cross-sectional  views,  respectively,  of  an  etched  microlens  array  with  a  40-;im  pitch.  Over 
a  large  area  the  microlenses  have  very  smooth  surface  morphology  and  extremely  uniform  dimensions.  As 
an  initial  demonstration  of  the  monolithic  microlens  technology,  we  have  fabricated  320  x  244-element  PtSi 
Schottky-barrier  FPAs  with  microlens  arrays  formed  at  the  top  and  center.  Since  the  f-number  of  the  primary 
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objective  is  2,35,  the  microlens  f-number  is  designed  to  be  1 .3,  so  that  most  of  the  radiation  incident  on  each 
40-/xm-wide  pixel  is  focused  onto  the  23.5-^m-wide  detector.  Figure  3-7(a)  shows  an  uncorrected  medium- 
wavelength  IR  image  of  a  man’s  hand.  The  regions  of  the  FPA  with  microlens  arrays  are  seen  to  have  higher 
responsivity  than  the  regions  without  these  arrays,  as  shown  by  the  increase  in  both  background  and  signature 
signals.  The  FPA  sensitivity  is  increased  by  50  to  60%.  The  background-subtracted  image  is  shown  in  Fig¬ 
ure  3-7(b). 


Figure  3-5.  Schematic  diagram  showing  a  monolithic  Si  microlens  array  fabricated  on  hack  side  of  FPA  for  increasing 
detector  fill  factor  and  array  sensitivity. 


In  addition  to  increasing  FPA  sensitivity  for  the  present  detector  geometry,  microlens  arrays  would 
allow  the  detector  area  to  be  further  reduced  without  sacrificing  sensitivity,  provided  that  all  the  incident 
radiation  was  still  collected.  A  reduction  in  detector  area  would  have  several  benefits.  First,  it  would  lead  to 
a  lower  dark  current  and  therefore  permit  higher  operating  temperatures.  Second,  it  should  improve  FPA 
radiation  hardness  by  decreasing  the  collection  volume  for  radiation-induced  charge.  Finally,  it  would  permit 
additional  circuitry  to  be  included  on  the  focal  plane,  even  within  the  pixels,  to  achieve  on-plane  signal 
processing. 

B-Y.  Tsaur  C.  K.  Chen 

A.  H.  Loomis  S.  A.  Marino 
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(b) 


Figure  3-6.  Photomicrographs  showing  {a)  top  and  (h)  cross-sectional  views  of  a  monolithic  Si  microlens  array 
fabricated  on  hack  side  of  FP A. 
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Figure  3-7.  (a)  Uncorrected  medium-wavelength  IR  image  of  a  man 's  hand  obtained from  a  PtSi  array  with  Si  microiens 
arrays  fabricated  on  the  top  and  middle  regions,  (b)  Background-.subtracted  image  of  (a). 
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3.3  OMVPE  REGROWTH  OF  CH3I-VAPOR-ETCHED  GaAs 

In  several  studies  [  12]-[  16],  vapor  etching  of  III-V  compound  semiconductors  has  been  investigated  as 
a  possible  method  for  in  situ  surface  treatment  permitting  the  vapor  growth  of  epilayers  with  improved  surface 
morphology  and  electrical  characteristics.  In  situ  vapor  etching  following  conventional  wet  chemical 
substrate  cleaning  has  been  shown  to  reduce  impurity  accumulation  at  the  epilayer-substrate  interface 
1 12],[  14],[  16].  For  the  fabrication  of  numerous  advanced  microwave  and  optoelectronic  device  structures,  in 
situ  etching  of  growth- interrupted  and  photolithographically  processed  epilayer  surfaces  is  crucial  for 
obtaining  high-quality  regrowth.  For  the  vapor  etchants  studied  previously,  however,  the  etching  tempera¬ 
tures  required  to  maintain  a  featureless  surface  morphology  are  quite  high  (>  750°C),  Such  temperatures  can 
result  in  dopant  and/or  alloy  interdiffusion  that  degrades  device  performance. 

We  have  recently  reported  the  vapor  etching  of  GaAs  substrates  with  an  alternative  etchant,  CH3I,  that 
is  liquid  at  room  temperature,  has  a  suitable  vapor  pressure,  and  is  noncorrosive  [17].  This  etchant  should 
therefore  be  compatible  with  organometallic  vapor  phase  epitaxy  (OMVPE)  systems.  Featureless  surface 
morphology  can  be  maintained  with  this  etchant  at  temperatures  of  only  450  to  500°C.  The  etch  rate  is 
controlled  by  gas  phase  processes,  suggesting  that  spatially  uniform  etch  rates  could  be  obtained  in  OMVPE 
reactors  to  yield  uniform  epilayers.  This  etchant  should  therefore  be  of  great  interest  for  use  in  conjunction 
with  OMVPE  growth  for  the  fabrication  of  optoelectronic  integrated  circuits  (OEICs)  and  three-dimensional 
integrated  structures. 

As  a  further  step  in  the  development  of  in  situ  CH3I  etching  technology,  we  have  now  performed  a  series 
of  GaAs  growth  interruption  experiments.  In  each  group  of  experiments,  a  nominally  undoped  GaAs  epilayer 
2  jum  thick  was  first  grown  at  700°C  on  a  GaAs  substrate  wafer  in  a  vertical  rotating-disk  OMVPE  reactor  [  1 8]. 
The  wafer  was  removed  from  the  reactor  and  cleaved  into  several  test  samples.  A  test  sample  was  transferred 
to  a  separate  horizontal  reactor  for  etch ing  w ith  CH3I  vapor  in  H2  carrier  gas,  and  a  control  sample  was  loaded 
into  the  OMVPE  reactor.  The  test  sample  was  vapor  etched  with  CH3I  and  then  transferred  to  the  OMVPE 
reactor.  All  test  and  control  samples  were  briefly  exposed  to  air  (<  1  min)  prior  to  their  loading  into  the  OMVPE 
reactor  for  regrowth  of  a  l-/im-thick  second  epilayer  under  the  same  conditions  used  for  the  first  growth. 
Regrowth  experiments  were  performed  on  test  samples  that  were  etched  with  CH3I  under  various  conditions, 
and  also  on  samples  that  had  the  first  epilayer  treated  by  a  1  -min  H2SO4  dip  followed  by  an  1 8-MO  deionized 
water  rinse. 

Figure  3-8  shows  the  profile  of  carrier  concentration  vs  depth  obtained  by  capacitance-voltage 
measurements  on  a  control  sample  for  which  the  first  epilayer  was  exposed  to  air  before  growth  of  the  second 
epilayer.  The  profile  exhibits  a  peak  due  to  electron  accumulation  at  the  regrowth  interface  between  the  two 
epilayers.  The  net  electron  accumulation  is  1.7  x  10*  *  cm"^.  Measurements  on  other  control  samples  gave 
similar  profiles  with  accumulations  ranging  up  to  2.3  x  10*  *  cm'^. 

In  one  set  of  experiments,  a  second  epilayer  was  grown  on  samples  with  first  epilayers  that  had  been 
vapor  etched  at  500°C  for  15  min  with  CH3I  concentrations  of  1.5,  2.25,  and  3  x  10'^  mole  fraction.  The 
thickness  of  GaAs  removed  increased  from  0.22  ^m  at  the  lowest  concentration  to  0.35  fjm  at  the  highest.  The 
carrier  concentration  depth  profiles  were  similar  to  the  profiles  for  the  control  samples.  Figure  3-9  shows  the 
net  electron  accumulation  at  the  regrowth  interface  as  a  function  of  CH3I  concentration.  The  accumulation 
range  is  2.1  to  2.7  x  lO”  cm'^,  only  slightly  higher  than  the  values  for  the  control  samples. 
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Figure  3-8.  Carrier  concentration  vs  depth  for  a  GaAs  regrowth  sample  in  which  the  first  epilayer  was  untreated. 
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Figure  3-9.  Effect  of  CHjl  concentration  on  electron  accumulation  at  the  regrowth  interface. 
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In  other  experiments,  regrowth  was  performed  on  samples  with  first  epilayers  that  had  been  etched  with 
CH3I  at  a  concentration  of  1 .5  x  lO'^  mole  fraction  for  15  or  30  min  at  four  temperatures  from  460  to  520°C. 
The  thickness  removed  by  etching  for  15  min  increased  from  0.05  fim  at  460°C  to  0.44  fivn  at  520°C.  The 
surface  morphology  of  the  second  epilayer  was  specular  for  all  samples.  Figure  3-10  shows  Nomarski 
interference  contrast  micrographs  obtained  after  regrowth  for  samples  etched  for  15  min.  No  texture  is 
observed  for  the  samples  etched  at  460  and  480°C,  but  those  etched  at  500  and  520°C  show  increasing  tex¬ 
ture.  Figure  3-1 1  illustrates  the  net  electron  accumulation  at  the  regrowth  interface  as  a  function  of  etch¬ 
ing  temperature.  The  accumulation  is  insensitive  to  etching  temperature  and  time,  ranging  from  2. 1  to  2.7  x 
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lO’  ’  cm  -  for  an  etching  time  of  15  min  and  from  2.4  to  2.9  x  lO”  cm'^  for  a  time  of  30  min.  The  highest  of 
the.se  values  is  about  25%  higher  than  the  highest  of  the  control  values. 
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Figure  3-10.  Surface  morphology  of  regrowth  samples  with  first  epilayers  etched  with  CHfi  at  temperatures  of 460, 480, 
500.and520°C. 


The  optical  quality  of  regrown  GaAs  .samples  was  characterized  by  photoluminescence  (PL)  measure¬ 
ments  at  4  K  Figure  3- 1 2  shows  the  spectra  for  an  untreated  control  sample  and  for  a  sample  that  had  the  first 
epi layer  etched  with  CH3I  at  460°C  for  15  min.  The  PL  intensity  is  slightly  lower  for  the  etched  .sample,  but 
the  relative  intensities  of  the  peaks  due  to  the  bound  exciton  and  carbon  acceptor  are  similar. 
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Figure  3-11.  Effect  of  CH jl  etch  temperature  and  time  on  electron  accumulation  at  the  regrowth  interface. 
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Figure  3-12.  Photoluminescence  ofGaAs  regrowth  samples  (a)  with  no  surface  treatment  and  (h)  with  82.5  nm  removed 
hy  CH3I  etching  at  460°C. 


In  a  study  of  the  OMVPE  growth  of  GaAs  epilayers  on  GaAs  substrates  [16],  it  was  found  that  the 
electron  accumulation  at  the  epilayer-substrate  interface  was  significantly  increased  by  pregrowth  treatment 
of  the  substrate  with  H2SO4.  We  have  found  that  this  effect  can  be  overcome  by  CH3I  etching.  An  H2SO4  dip 
was  used  to  treat  the  first  epilayer  on  two  samples  from  the  same  wafer.  One  sample  was  then  etched  at  480°C 
for  15  min  with  CH3I  at  a  concentration  of  1 .5  x  lO'^  mole  fraction  to  remove  0. 1  jum,  after  which  a  second 
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epilayer  was  grown  simultaneously  on  both  samples.  Figure  3-13  shows  the  profiles  of  carrier  concentration 
vs  depth  for  the  two  samples.  The  net  electron  accumulation  at  the  regrowth  interface  was  5.2  x  1 0”  cm'^  for 
the  sample  that  was  not  etched  with  CH3I.  Etching  with  rH3l  was  successful  in  reducing  the  accumulation 
to  2.9  X  I0‘  *  cm‘2,  not  much  higher  than  the  value  of  2.5  x  I0‘  *  cm'^  obtained  for  the  previous  sample  that 
had  been  etched  with  CH3I  under  the  same  conditions  but  not  treated  with  H2SO4. 


Figure  3-13.  Carrier  concentration  vs  depth  for  H2S04-treated  samples  with  and  without  CHjl  etching. 


In  conclusion,  a  second  GaAs  epilayer  has  been  grown  by  OMVPE  on  first  epilayers  that  were  either 
untreated  or  etched  ex  situ  with  CH3I  vapor  and/or  H2SO4.  For  CH3I  etch  temperatures  below  500°C,  the 
surface  morphology  and  low-temperature  PL  are  comparable  for  epilayers  grown  on  CH3l-etched  and  untreated 
first  epilayers.  Carrier  concentration  depth  profiles  show  that  CH3I  etching  introduces  very  little  electron 
accumulation  at  the  regrowth  interface  and  eliminates  most  of  the  electron  accumulation  resulting  from 
H2SO4  etching.  If  similar  results  can  be  obtained  for  AIGaAs  epilayers,  in  situ  CH3I  etching  should  become 
an  extremely  useful  technique  in  conjunction  with  OMVPE  for  the  fabrication  of  complex  structures  such  as 
OEICs  and  three-dimensional  integrated  structures. 

C.  A.  Wang  M.  Flytzani-Stephanopoulos* 

C.  W.  Krueger  R.  A.  Brown* 


*Author  not  at  Lincoln  Laboratory. 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  EFFECTS  OF  LINEWIDTH  VARIATIONS  ON  THE  SPATIAL  MODES  OF  A 

CONCENTRIC-CIRCLE-GRATING  SURFACE-EMITTING  SEMICONDUCTOR 

LASER 

A  semiconductor  laser  operated  in  either  the  distributed  feedback  or  distributed  Bragg  reflector 
configuration  with  a  circularly  symmetric  grating  will  potentially  produce  a  circularly  symmetric  output 
beam,  with  a  relatively  narrow  frequency  spectrum,  from  a  larger  emission  area  than  that  of  more  conventional 
semiconductor  lasers.  These  points  have  been  addressed  in  several  recent  theoretical  papers  [lJ-15].  In 
addition,  one  recent  experimental  paper  reports  surface  emission  and  lasing  in  an  optically  pumped,  double¬ 
heterostructure  InGaAsP/InP  laser  that  contained  an  electron-beam-written  circular  grating  of  period  A  = 
0.397  jjm  (lasing  wavelength  A  =  1.28  /tm)  and  overall  diameter  D  -  280  ^m  [6].  The  spatial  modes  of  a 
concentric-circle-grating  surface-emitting  .semiconductor  laser  are  of  central  importance.  High-quality 
circular  gratings  are  needed  if  the  la.ser  is  to  support  the  desired  radially  inward-  and  outward-going  circular 
waves,  so  it  is  important  to  assess  both  the  grating  quality  that  can  be  achieved  using  state-of-the-art  fabrication 
processes  and  the  impact  of  such  gratings  on  laser  operation. 

Circular  gratings  of  period  A  =  0.25  ^m  have  been  defined  by  electron-beam  lithography  using  a  JEOL 
JBX-5DI1  vector-scan  system.  Figure  4-1  shows  a  scanning  electron  micrograph  (SEM)  of  a  typical  circular 
grating  with  a  period  A  =  0.25  //m.  Although  it  is  impractical  to  scan  a  true  circle  with  this  electron-beam 
system,  such  features  can  be  approximated  using  polygons  comprising  single-pass  straight-line  segments. 
Single-pass  lines  may  be  placed  at  arbitrary  angles,  a  unique  feature  of  the  JEOL  electron-beam  writer.  In  this 
application,  each  electron-beam-defined  ring  was  written  as  four  overlapping  polygons  to  improve  the 
approximation.  End  points  (  f  the  line  segments  are  placed  to  provide  an  even  exposure  and  a-e  randomized 
in  order  to  avoid  angular  correlations  in  the  pattern  data.  The  electron  beam  was  accelerated  by  a  50-keV 
potential  and  yielded  a  line  dose  between  0.7  and  1 .8  nC/cm.  The  resist  consisted  of  1 50  nm  of  poly(methyl 
methacrylate).  After  exposure  and  development,  the  grating  pattern  was  etched  into  the  upper  cladding  region 
of  a  graded-index  separate-confinement  heterostructure  quantum-well  laser  structure  using  chemically 
assisted  (chlorine)  ion-beam  etching.  The  undoped  epilayers  of  the  laser  consisted  of  a  1 Alo.gsGao.  isAs 
lower  cladding,  a  0.3-^m  parabolically  graded  region  with  a  10-nm  GaAs  quantum  well,  and  0.25-/tm 
Al()  g^Gao  i  sAs  upper  cladding.  The  thin  upper  cladding  layer  enabled  the  TEp  guided  mode  to  couple  very 
strongly  to  the  grating  at  the  air  interface. 

The  lasers  were  mounted  on  heatsinks  held  at  ~  77  K  and  optically  pumped  by  the  514.5-nm  line  of  a 
CW  argon-ion  la.ser.  Lasers  with  circular  gratings  varying  in  diameter  from  80  fim  ( 1 60  rings)  to  500 /tm  ( 1 000 
rings)  were  fabricated.  The  focused  pump  beam  (spot  diameter  of  80  ;tm)  illuminated  the  center  of  the  grating 
for  this  laser.  The  threshold  pump  power  was  Pji,  =  250  mW,  corresponding  to  an  intensity  7,^  =  4.5  kW/cm^. 
We  have  measured  thresholds  as  low  as Pih  =  30 m W  (/,|,  =  540  W/cm’)  in  devices  with  0.25-7tm-deep  gratings. 
The  observed  spatial  mode  patterns  are  not  circular  but  correspond  to  the  x-  and  y  axes  of  the  Cartesian  pixel 
grid  used  by  the  electron-beam  system  in  writing  the  grating.  Just  above  threshold,  lasing  occurs  only  along 
the  >’-axis  direction.  Well  above  threshold,  lasing  also  takes  place  along  the  A:-axis  direction  and  along  axes 
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oriented  at  45°  with  respect  to  the  jr-  andy-axes.  In  all  cases  the  light  is  polarized  azimuthally,  indicating  lasing 
in  the  TEq  guided  mode.  At  no  pump  power  does  lasing  occur  along  the  remaining  axial  orientations. 
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Fii’ure  4-/.  Scannint’  electron  micrograph  of  the  center  portion  of  a  5()0~pm~diam.  0.25-pm-period  grating  fabricated 
by  electron-beam  lithography. 


The  near-field  spatial  mode  patterns  indicate  an  azimu*hal  variation  of  grating  coupling  strength,  or 
reflectivity,  around  the  circular  grating.  A  careful  optical  inspection  of  the  grating  shows  that  the  azimuthal 
grating  uniformity  is  interrupted  regularly  in  9°  increments,  a  feature  not  readily  apparent  in  Figure  4-1 .  The 
nature  of  this  azimuthal  nonuniformity  is  shown  schematically  in  Figure  4-2,  in  which  the  linewidth  of  the 
grating  rings  varies  among  the  individual,  uniform  9°  wedge  sections.  Angled  lines  are  defined  by  the  electron- 
beam  hardware  by  exposing  points  on  a  Cartesian  grid.  Because  the  density  of  points  varies  with  angle,  the 
electron-beam  dose  must  also  be  varied  in  order  to  maintain  a  constant  linewidth.  The  JEOL  system  tries  to 
compensate  for  this  effect  by  adding  a  constant  dose  correction  to  each  9°  wedge  section,  but  the  corrections 
built  into  the  JEOL  software  overcompensate,  resulting  in  slightly  wider  linewidths  in  some  wedge  sections. 
These  corrections  can,  in  principle,  be  improved  to  give  a  more  constant  linewidth,  but  our  application  is 
among  the  first  to  reveal  the  consequences  of  the.se  coarse  corrections  in  such  a  striking  fashion. 

The  variation  in  linewidth  can  be  measured  in  high-magnification  SEM  images,  and  the  variation  in 
each  quadrant  of  the  circle  is  the  same  and  is  symmetric  about  the  45°  axis  of  the  quadrant.  We  have  measured 
the  linewidth  a  at  various  points  along  three  directions  in  a  45°  section;  the  dimensionless  ratios  a/ A  appear 
in  Table  4- 1 ,  where  0°  denotes  either  the  x-  or  y-axis  direction.  Table  4- 1  also  lists  both  the  relative  decrease 
in  coupling  constant  Av=  [KfB)  -  K(0)]/Kf0)  as  calculated  from  approximate  analytical  formulas  for  icfor  a 
second-order  rectangular  grating  [7],  and  the  associated  increase  in  the  threshold  gain  acorresponding  to  the 
variation  in  a/ A  [8].  The  results  show  that  while  the  threshold  gain  a  for  lasing  along  the  45°  direction  is  only 
3%  higher  than  that  along  0°,  a  for  lasing  along  the  22.5°  direction  can  be  as  much  as  30%  higher  than  that 
along  0°,  indicating  .strong  directional  discrimination  in  the  laser.  These  results  suggest  that  for  circular  mode 
operation,  for  which  lasing  must  occur  along  each  diameter  with  similar  a,  the  value  of  a/ A  should  vary  around 
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Figure  4-2.  Exaggerated  schematic  illustration  of  six  grating  periods  in  one  quadrant  of  a  circular  grating, 
demonstrating  the  variation  of  the  linewidth  a  among  the  uniform  9°  azimuthal  increments. 


TABLE  4-1 


Measured  LInewidths  of  Circular  Grating  Rings 


Axis 

Angle 

(deg) 

Measured 

Linewidth 

[a/A  (±0.007)1 

Ak 

(%) 

Aa 

(%) 

0 

0.329 

0 

0 

22.5 

0.369 

-17 

29 

45 

0.334 

-1 .7 

2.7 

the  entire  circle  by  an  amount  no  greater  than  the  measured  difference  between  a/ A  for  the  0°  and  45°  direc¬ 
tions,  since  modes  associated  with  these  two  directions  are  just  barely  able  to  lase  simultaneously.  For  a  safe 
estimate,  a  linewidth  variation  of  less  than  ~  ±l%,  corresponding  to  ~  ±  2%  variation  in  a,  is  desirable. 

C.  L.  Dennis  O.  King* 

M.  J.  Rooks*  G.  W.  Wicks* 

T.  Erdogan*  D.  G.  Hall* 


*Author  not  at  Lincoln  Laboratory. 
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4.2  SELECTIVE-AREA  GROWTH  OF  METAL  OXIDE  FILMS  INDUCED  BY  PATTERNED 

EXCIMER  LASER  SURFACE  PHOTOLYSIS 

Selective-area  oxide  growth  has  been  demonstrated  as  an  all-dry  surface-imaged  resist  process.  The  growth 
conditions  result  in  oxide  formation  only  on  high-energy  surfaces,  so  a  surface  energy  increase  induced  by  excimer 
laser  irradiation  of  a  low-energy  surface  can  lead  to  selective  growth.  When  a  plasma-deposited  hydrocarbon-based 
planarizing  layer  is  chemically  modified  to  exhibit  low  surface  energy,  the  resulting  selective  oxide  growth 
followed  by  oxygen  plasma  pattern  transfer  produces  an  all-dry  lithographic  process. 

Low-energy  surfaces  have  been  prepared  using  either  an  RF  barrel  etcher  or  one  of  three  RF  parallel- 
plate  reactive  ion  etchers.  Discharges  of  SF^,  CF4,  CF2CI2,  or  CI2  gas  were  employed.  The  resultant  surfaces, 
when  characterized  by  angle-dependent  x-ray  photoelectron  spectroscopy  and  contact  angle  measurements, 
were  similar  in  nature  to  the  published  results  for  the  plasma  fluorination  of  polymers  [9].  Plasma-deposited 
planarization  materials  [10]  were  used  for  an  all-dry  process,  and  conventional  spin-cast  novolac  polymers 
were  also  employed  for  convenience.  The  advancing  contact  angle  with  water  of  these  surfaces  ranged  from 
100°  to  130°,  indicating  a  critical  surface  tension  [1 1]  of  20  to  13  erg/cm^,  respectively.  For  the  original 
novolac  the  contact  angle  was  90°  and  the  surface  energy  was  31  erg/cm^. 

The  reactants  used  are  metal  chlorides  (SiCl4,  GeCl4,  and  SnCl4)  and  water.  These  metal  chlorides  will 
hydrolyze  only  with  condensed  phases  of  water.  Experimentally,  the  growth  is  performed  at  temperatures  from 
5  to  1 5°C  to  provide  rapid  formation  of  physisorbed  water  layers.  The  H2O  and,  for  example,  SiCla  are  allowed 
into  the  chamber  simultaneously  at  pressures  of  1  to  I  OTorr.  The  walls  of  the  chamber  are  kept  heated  (55  to  65°C) 
to  minimize  growth  on  the  chamber  surfaces,  and  the  growth  is  monitored  using  a  quartz-crystal  microbalance.  For 
precise  control  of  the  oxide  thickness,  the  reagents  can  be  introduced  sequentially  via  a  molecular  layer  dosing 
technique  [  1 2],  by  which  the  oxide  thickness  can  be  controlled  to  within  a  few  nanometers. 

The  growth  on  a  hydrophilic  surface  has  been  studied  in  some  detail  in  [13]  and  is  correlated  to  the 
development  of  specific  adsorbed  H2O  phases.  On  a  hydrophobic  surface,  where  conformal  adlayer  formation 
does  not  occur,  the  onset  of  growth  is  limited  by  nucleation  of  molecular  H2O  clusters.  For  patterning,  the  area 
selectivity  of  the  growth  process  can  be  estimated  from  the  thermodynamics  of  H2O  nucleation.  Figure  4-3 
shows  relative  thickness  for  growth  on  a  hydrophobic  surface  compared  to  that  on  a  hydrophilic  (high-energy) 
surface.  Plotting  the  data  as  relative  thicknesses  suppresses  the  appearance  of  growth-rate  anomalies 
attributable  to  the  experimental  apparatus  in  which  the  gas  pressures  are  cycled  during  growth.  Note  that, 
during  the  early  stages  of  growth,  the  growth  selectivity  between  the  hydrophilic  and  hydrophobic  (15  erg/ 
cm^)  surfaces  exceeds  1 0: 1 .  The  growth-rate  induction  is  characteristic  of  delayed  condensation  and  results 
from  a  thermodynamic  nucleation  barrier  [14].  The  existence  of  nucleation-limited  growth  is  further 
supported  by  Figure  4-4,  showing  an  electron  micrograph  of  Si02  grown  on  a  surface  whose  critical  surface 
tension  was  15  erg/cm^,  in  which  the  nuclei  are  clearly  visible.  In  contrast,  growth  of  Si02  on  high-energy 
surfaces  results  in  conformal  growth  [13]. 
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Figure  4-3.  Si02  thicknesses  grown  on  two  hydrophobic  (15  and  25  ergicm-)  surfaces  vs  thickness  grown  on  a 
hydrophilic  Si02  (>  2(X)  ergIcrrP)  surface. 
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Figure  4-4.  Surface  morphology  shown  at  two  different  magnifications  for  SiOy  grown  from  SiCl4  and  H2O  on  a 
15-erglcm^  surface  at  a  temperature  of  13  ‘C. 


Understanding  the  H2O  nucleation  behavior  allows  prediction  of  the  ultimate  growth  selectivities.  The 
H2O  nucleation  rate  /  is  given  by  [14] 

I  =  kJs\n  0(Gnuc  exp[(Gdes  “  Gdjff  -  Gnuc  ]  .  (4.1) 
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where  A:  is  a  constant,  J  is  the  molecular  flux  to  the  surface,  0is  the  contact  angle,  Gdes  is  the  activation  energy 
for  H2O  desorption,  Gjiff  is  the  activation  energy  for  H2O  surface  diffusion,  and  Gnuc  is  the  free  energy  change 
upon  nucleation  of  a  critically  sized  H2O  cluster.  Changes  in  critical  surface  tension  upon  irradiation  change 
6,  Gdes.  Gdiff,  and  Gnuc-  We  have  quantitatively  calculated  Gnuc  using  cluster  radii  derived  from  molecular 
dynamics  calculations  [15]  and  have  found  that  it  is  only  weakly  dependent  on  surface  energy  and  can 
be  assumed  constant.  Gdiff  and  Gde.s  are  coupled,  and  as  a  simplest  estimate  Gdiff  can  be  assumed  equal  to 
Gdes/2,  so  the  two  terms  can  be  combined.  Apparently,  it  is  the  changes  in  contact  angle  together  with  changes 
in  Gdes-  or  more  simply  the  H2O  desorption  probability,  that  are  modified  upon  irradiation.  On  the  assumption 
that  Gnuc  =  0- 1  cV,  even  small  surface  changes,  such  as  Gdes  increasing  from  0.2  to  0.4  eV/molecule  and  0 
decreasing  from  120°  to  20°,  will  increase  the  nucleation  rate  by  a  factor  of  24.  These  large  increases  in 
nucleation  rate  result  in  the  growth  becoming  limited  only  by  the  molecular  H2O  flux,  and  delayed  growth 
due  to  a  nucleation  barrier  does  not  occur.  Transition  to  this  growth  regime  is  the  central  point  to  the  selective 
growth  process. 
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Figure  4-5.  Lines  of  0. 5-gun  thickness  patterned  hy  contact  printing  aCF2Cl2-modifiednovolai  surface  with  lOJIcm^ 
at  193  nm.  The  total  growth  time  was  2.5  min.  After  selective  Si02  growth,  the  resultant  features  were  produced  hy  pattern 
transfer  in  an  oxygen  reactive  ion  etcher. 


Patterning  of  a  submicrometer  image  has  been  achieved  and  is  shown  in  Figure  4-5.  This  sample  was 
a  CF2Cl2-treated  novolac  polymer  contact  printed  at  193  nm  using  a  dose  of  10  J/cm^.  The  high  dose  was 
necessary  to  ensure  high  growth  selectivity.  Other  surfaces,  such  as  chlorine-modified  polymers,  exhibited 
measurable  but  lower  growth  selectivity  at  doses  as  low  as  200  mJ/cm^. 
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5.  HIGH  SPEED  ELECTRONICS 


5.1  FABRICATION  AND  PERFORMANCE  OF  MULTICELL  POWER  PBTs 

Numerous  applications  exist  for  a  transistor  capable  of  highly  efficient  power  generation  up  through  K- 
band  frequencies.  The  GaAs  piermeable  base  transistor  (PBT),  developed  at  Lincoln  Laboratory,  has 
demonstrated  very  promising  performance  as  such  a  power  transistor  Il]-[3].  This  section  describes  the 
fabrication  and  performance  of  new  multicell  PBT  devices,  and  Section  5.2  reports  the  performance  of 
20-GHz  power  amplifiers  fabricated  using  them. 

Excellent  power-added  efficiencies  of  66, 4 1 ,  and  45%  have  been  obtained  from  discrete  PBT  devices 
operating  at  1 .3, 20,  and  22  GHz,  respectively  [2],  Although  the  power-added  efficiency  of  discrete  PBTs  has 
been  exceptional,  the  output  power  of  the  device  has  generally  been  suitable  for  only  low-  to  medium-power 
applications.  Therefore,  we  are  developing  a  power  PBT  that  utilizes  chip-level  power  combining  of  several 
active-area  PBT  cells  to  increase  the  output  power  of  the  overall  device.  The  new  multicell  PBTs  described 
here  consist  of  dual-cell  and  four-cell  PBTs,  where  each  cell  has  an  active  area  of  8  x  20  /im,  thereby  increasing 
the  output  power  by  approximately  a  factor  of  2  and  4,  respectively.  These  multicell  devices  represent  a  new 
type  of  PBT  with  significantly  improved  output  power  capability  as  well  as  high  efficiency  and  compatibility 
with  monolithic  microwave  integrated  circuit  technology. 

A  schematic  of  the  dual-cell  PBT  structure  is  shown  in  Figure  5-1 .  The  PBT  is  a  vertical  transistor  in 
which  the  emitter  and  collector  of  the  device  are  separated  by  a  submicrometer-periodicity  tungsten  grating 
that  forms  the  base  of  the  transistor.  This  tungsten  grating  is  embedded  in  the  GaAs  using  organometallic 
chemical  vapor  deposition.  For  each  active  area  two  large  tungsten  pads  that  connect  the  base  gratings  are 
positioned  such  that  one  base  pad  rests  on  each  side  of  the  collector.  Top-surface  ohmic  metal  contacts  are  used 
to  form  the  collector  and  emitter  contacts.  The  emitter  contact  pads  lie  alongside  the  base  pads  and  are 
interconnected  with  air  bridges.  All  devices  contain  top-side  base,  collector,  and  emitter  contacts,  enabling 
each  dual-cell  device  to  be  wafer  probed.  Details  of  the  device  fabrication  are  described  in  [4]. 

The  four-cell  PBT  comprises  two  dual-cell  devices  combined  in  parallel,  with  a  via-hole  ground  return 
located  between  the  adjacent  dual-cell  structures.  This  configuration,  shown  in  Figure  5-2,  results  in 
significantly  improved  gain  and  power-added  efficiency  over  that  which  relies  exclusively  on  air  bridges  for 
the  RF  ground  return.  A  wafer  thickness  of  50  jjon  is  used  to  minimize  thermal  resistance  and  inductance  to 
ground.  The  smallest  separation  distance  between  active  areas  is  44  /im,  which  was  determined  to  be  sufficient 
to  prevent  the  heating  of  an  active  area  by  adjacent  active  areas. 

The  dc  current  vs  voltage  curves  for  a  dual-cell  PBT  are  shown  in  Figure  5-3(a).  The  transconductance 
for  the  dual-cell  devices  was  nominally  85  to  95  mS  measured  at  50%  of  the  zero-bias  saturation  current 
Ices-  The  nominal  value  of  /ces  was  90  mA.  The  base-to-col lector  reverse  breakdown  voltage  was  typically  1 7 
to  1 8  V  for  the  dual-cell  PBT.  Mapping  of  the  dc  characteristics  has  indicated  fairly  good  uniformity  over  a 
wafer.  For  instance,  when  looking  at  on  one  particular  wafer,  2BB69, 50%  of  all  of  the  devices  were  within 

the  range  of  80  to  95  mS. 
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Figure  5-1.  Cutaway  schematic  of  a  dual-cell  GaAs  PBT. 


Figure  5-2.  Scanning  electron  micrograph  of  a  four-cell  PBT. 
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Figure  5-3.  Measured  dual-cell  PBT  characteristics,  (a)  Collector  current  vs  collector-emitter  voltage  for  base  voltage 
from  -1 .0  to  0.8  V.(h)  Small  signal  transducer  gain  / ,  maximum  stable  gain  ( MSG),  and  current  gain  h2  /  vs frequency. 


The  small  signal  transducer  gain  521*  maximum  stable  gain  (MSG),  and  the  current  gain  hjx  vs 
frequency  for  the  dual-cell  PBT  obtained  from  on- wafer  measurements  are  shown  in  Figure  5-3(b).  The  small 
signal  gain  was  nearly  identical  to  that  measured  for  single-cell  PBTs  from  the  same  wafer.  The  dc  and  small 
signal  parameters  of  these  PBT  s  scaled  as  a  function  of  the  number  of  active  cells  n  (e.g.,  the  device  impedance 
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scaled  as  1  /n,  and  current  and  scaled  directly  with  n).  The  nominal  unity-current-gain  frequency  for  dual¬ 
cell  devices  is  35  GHz.  The  reverse  isolation  5|2  was  measured  to  be  <  -25  dB  at  21  GHz.  The  power  per¬ 
formance  of  these  devices  is  reported  in  the  next  section. 

K.  B.  Nichols  R.  G.  Drangmeister 
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5.2  20-GHz  HIGH-EFFICIENCY  POWER  AMPLIFIERS  USING  MONOLITHIC 

MULTICELL  PBTs 

The  dual-cell  and  four-cell  PBTs  described  in  Section  5. 1  have  been  used  to  construct  several  20-GHz 
power  amplifiers.  In  the  first  step  of  this  process,  computer-aided  active  load-pull  measurements  f5],[6]  were 
performed  over  the  range  from  19.7  to  21.7  GHz  to  evaluate  the  optimum  power-added  efficiency,  output 
power,  and  gain  of  the  PBTs  as  a  function  of  device  bias,  drive  level,  and  frequency.  The  measurement  system 
software  provided  direct  control  of  the  latter  parameters  with  real-time  display  of  device  efficiency,  output 
power,  and  embedding  impedances.  For  these  measurements,  the  devices  were  individually  separated  from 
the  wafer  and  mounted  into  254-/tm-thick  alumina  microstrip  circuits  using  5.08-/im-thick  photolitho- 
graphically  produced  bonding  ribbons.  Other  details  of  the  packaging  of  these  devices  are  described  in  [7]. 
In  some  cases,  the  results  were  obtained  using  input  prematching  circuits  in  order  to  minimize  measurement 
error  sensitivity  and  to  maximize  the  incident  power  from  sources  with  limited  output  power  capability. 

Table  5- 1  summarizes  the  measured  load-pull  results  for  the  dual-cell  and  four-cell  PBTs  from  two  wafers. 
The  dual-cell  devices  typically  demonstrated  -  250-mW  capability,  with  a  high  of  334 mW  obtained  forthe  2BB58 


TABLE  5-1 

Summary  of  Best  and  Typical  Results  of  Load-Pull  Device  Characterizations 
for  Dual-Cell  and  Four-Cell  GaAs  PBTs 


Wafer 

Device 

Type 

Case 

Output 

Power 

(mW) 

Gain 

(dB) 

DC 

Power 

(mW) 

Power- 

Added 

Efficiency 

(%) 

Frequency 

(GHz) 

2BB69 

Dual-cell 

Best 

287 

5.6 

509 

41 

20.7 

2BB69 

Dual-cell 

Typical 

246 

5.9 

457 

40 

20.7 

2BB58 

Dual-cell 

Best 

334 

5.3 

532 

44 

20.7 

2BB58 

Dual-cell 

Typical 

302 

5.8 

542 

41 

20.7 

2BB69 

Four-cell 

Best 

653 

6.2 

1200 

42 

20.2 

2BB69 

Four-cell 

Typical 

436 

5.3 

960 

35 

20,7 

’BB58 

Four-cell 

Typical 

510 

5.7 

981 

38 

20.7 

wafer.  The  power-added  efficiencies  were  all  40%  or  above  with  a  best  of  44%,  while  the  gains  for  all  of  the  dual¬ 
cell  PBTs  were  in  the  range  of  5.3  to  5.9  dB.  The  minimum  power  capability  for  the  four-cell  devices  was 
~  430  mW,  with  a  maximum  of  653  mW  from  the  2BB69  wafer.  The  power-added  efficiencies  were  all  35%  or 
above  with  a  best  of  42%,  while  the  gains  for  all  of  the  four-cell  PBTs  were  in  the  range  of  5.3  to  6.2  dB. 

The  impedance  data  determined  from  the  load-pull  measurements  were  used  in  the  next  step  to  design 
impedance  matching  networks  for  several  microstrip  amplifiers  employing  dual-cell  and  four-cell  PBTs. 
These  amplifiers  were  then  fabricated  and  tested.  Their  performance  is  summarized  in  Table  5-2,  which 
includes  all  circuit  and  connector  losses. 


TABLE  5-2 


Typical  Connectorized  Multicell  PBT  Amplifier  Performance 


Frequency 

(GHz) 

Number  of 

Dual-Cell 

Devices 

Number  of 

Four-Cell 

Devices 

Gain 

(dB) 

Output 

Power 

(mW) 

Power- 

Added 

Efficiency 

(%) 

DC 

Power 

(W) 

20.7 

0 

3 

9.2 

667 

25 

2.34 

20.7 

1 

1 

9.5 

417 

31 

1.23 

20.5 

0 

1 

5.57 

437 

35 

0.89 

20.5 

0 

2 

4.44 

700 

26 

1.696 

20.5 

1 

0 

5.79 

240 

37 

0.47 

A  two-stage  microstrip  PBT  amplifier  is  shown  in  Figure  5-4.  This  amplifier  produced  430  mW  of 
output  power  with  33%  power-added  efficiency  with  the  connector  losses  removed.  The  two-stage  design 
utilizes  a  dual-cell  device  to  drive  a  four-cell  PBT.  A  coupled-line  dc-blocking  capacitor  provides  the  bias 
isolation  between  the  two  stages.  On-board  oscillation  suppression  circuits  that  use  thin-film  resistors  in  series 
with  beam-lead  capacitors  are  employed  to  eliminate  undesired  lower-frequency  instabilities.  The  output 
power,  gain,  and  power-added  efficiency  of  this  amplifier  at  20.7  GHz  are  shown  in  Figure  5-5.  The  coaxial 
connectors  of  the  amplifier  each  contribute  0.2  dB  of  loss,  which  is  removed  from  the  data  of  the  figure. 

Several  amplifiers  using  these  new  multicell  power  PBTs  have  been  constructed  and  measured  in  order 
to  evaluate  the  PBT  performance  in  actual  circuits.  Including  connector  losses,  an  output  power  of  667  mW 
with  9.2  dB  of  gain  and  25. 1  %  power-added  efficiency  at  20.7  GHz  was  demonstrated  in  a  microstrip  amplifier 
incorporating  three  four-cell  PBTs.  The  availability  of  PBTs  capable  of  output  powers  above  400  mW  makes 
it  possible  to  utilize  them  in  low-loss  power-combining  circuits  to  achieve  several  watts  of  output  power  with 
overall  efficiencies  approaching  30%. 
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Fifiior  5-4.  Two-.mf’e  micraslhp  PBT  amplifier  fabricated  on  254-pm  alumina  microstrip  substrate 


INPUT  POWER  (dBm) 


biiture  5-5.  Output  power,  ftain.  and  power-added  efficiency  as  a  function  of  input  drive  level  for  a  two-stage  PBT 
amplifier.  The  measurement  frequency  is  20.7  GHz  and  the  connector  los.ses  are  removed. 
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6.  MICROELECTRONICS 


6.1  ARCHITECTURE  AND  AC  JURACY  ANALYSIS  OF  A  CCD  FFT  PROCESSOR 

The  architecture  of  a  charge-coupled  device  (CCD)  radix-4  fast  Fourier  transform  (FFT)  processor  is 
described  here,  and  the  results  of  an  accuracy  analysis  of  the  processor  are  presented.  The  term  FFT  refers  to 
one  of  a  family  of  algorithms  for  computing  the  discrete  Fourier  transform  (DFT),  afundamental  discrete-time 
signal  processing  tool  [  1  ].  The  most  commonly  used  Cooley-Tukey  FFT  algorithms  reduce  the  computational 
cost  of  an  N-sample  point  DFT  from  0(N^)  to  0{N\ogN)  operations  through  an  index  remapping  scheme. 
Suppose  that  N  is  a  composite  number  such  that  yV= where  R  is  called  the  radix.  Then  the  DFT  of  an  original 
N-point  sequence  can  be  computed  by  performing  IcR^  /(-point  DFTs  along  with  a  number  of  auxiliary 
multiplications  by  constants  called  twiddle  factors.  This  scheme  is  referred  to  as  an  A/-point  radix-/?  FFT  and 
results  in  considerable  computation  savings  when  N  is  large.  The  index  remapping  for  a  one-dimensional 
sequence  of  length  N=  /?^  is  best  visualized  as  the  process  of  writing  (“warping”)  the  original  sequence  into 
a  /.'-dimensional  array  with  sides  of  length  R.  The  FFT  is  then  performed  by  computing  short  DFTs  each  of 
length  R  along  every  dimension  of  the  warped  array,  with  twiddle  multiplications  interleaved  between  sets 
of  DFTs.  For  example,  a  64-point  sequence  can  be  written  into  a  4  x  4  x  4  array.  A  radix-4  FFT  of  this  sequence 
consists  of  1 6  four-point  DFTs  in  the  jc-direction,  twiddle  multiplications,  1 6  DFTs  in  they-direction,  twiddles, 
and  finally  16  DFTs  in  the  z-direction. 

Selecting  the  appropriate  samples  for  each  /(-point  DFT  from  the  warped  sequence  is  a  nontrivial 
addressing  problem  when  the  samples  in  reality  are  stored  sequentially  in  computer  memory.  The  proposed 
CCD  architecture  eliminates  the  typical  need  for  a  complex  address-generating  scheme  by  storing  and  shifting 
.he  sequence  in  and  through  acollection  of  serial  and  parallel  shift  registers.  The  order  of  reads  from  and  writes 
to  the  registers  is  extremely  regular,  yet  the  “comer-turning”  of  the  warped  sequence  is  achieved  without 
overhead  computation  for  address  generation. 

A  block  diagram  of  the  CCD  radix-4  FFT  architecture  is  shown  in  Figure  6-1.  The  4-point  DFTs  are 
computed  by  the  four  vector-matrix  product  (VMP)  sections  [2]  shown  in  the  bottom  left  of  the  figure,  while 
twiddle  multiplications  are  performed  by  the  four  multiplying  digital-to-analog  converters  (MDACs)  [3].  The 
operation  of  the  CCD  FFT  proces.sor  is  as  follows.  The  real  components  of  a  complex  input  sequence  are 

loaded  into  the  shift  registers /?o  through  63,  while  the  corresponding  imaginary  parts  are  loaded  into  </o  through 
J3.  The  real  parts  of  samples  jc[0],  x[4],  jc[8], . . .  are  placed  in  ho;  real  parts  of  samples  ;<:[  1  ],  ji:[5],  x[9], ...  are 
assigned  to  /?i ,  and  so  forth.  Samples  are  read  from  ho  and  do  in  sets  of  four,  multiplied  by  appropriate  twiddle 
factors,  and  broadcast  down  the  vertical  lines  in  the  VMP  structure.  The  samples  are  weighted  by  the  values 
shown  in  the  squares,  summed  along  the  horizontal  lines,  and  written  into  registers  oq  through  03  and  cq 
through  C3.  After  all  samples  have  been  read  from  registers  ho  and  do,  samples  are  read  from  h\  and  d\ .  The 
process  continues  until  the  last  samples  from  hj,  and  dj,  have  been  p;ocessed  and  written  into  03  and  C3.  At  this 
point  the  4-point  DFTs  through  the  first  dimension  of  the  warped  sequence  have  been  performed.  The  data 
are  then  transferred  in  parallel  from  the  a  and  c  registers  back  to  the  h  and  d registers,  respectively.  The  parallel 
transfer  completes  the  comer-turning  of  the  array.  For  an  N  =  4*-point  DFT  this  process  is  repeated  k  times, 
after  which  the  transformed  sequence  appears  in  the  a  and  c  registers. 
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FIXED-WEIGHT  MULTIPLIERS  '  N/4  STAGE  SHIFT  REGISTE  RS  ' 


Figure  6-1.  Block  diagram  of  the  proposed  CCD  FFT  radix-4  archiu  cture. 


Several  CCD  FFT  processors  can  be  pipelined  for  greater  throughput.  At  a  1 0-MHz  clock  rate  a  single 
CCD  FFT  processor  c^n  compute  a  1 024-point  complex  radix-4  FFT  in  1 02  /is.  Five  pijjelined  processors  can 
be  pipelined  to  produce  a  1024-point  transform  every  20.5  /is. 

Both  a  computer  simulation  and  a  mathematical  analysis  of  the  output  accuracy  of  the  CCD  FFT 
processor  have  been  performed.  The  accuracy  is  determined  by  a  combination  of  the  number  of  bits  in  each 
word  of  twiddle-factor  memory  and  the  accuracy  of  the  MDACs.  The  analysis  used  the  standard  error  model 
in  which  the  effects  of  both  twiddle-factor  truncation  and  finite-accuracy  computation  are  described  as 
additive  uncorrelated  white  noise.  Although  the  modeling  of  truncation  error  as  probabilistic  is  clearly 
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incorrect  (once  a  twiddle-factor  representation  is  selected  the  error  is  known  and  fixed),  in  practice  the  model 
is  quite  accurate.  The  results  of  the  simulations  agree  well  with  the  analysis  and  indicate  that  for  MDACs  with 
8-bit  twiddle  words,  8  bits  of  computation  accuracy  yield  a  1024-point  FFT  with  36-dB  (~  6  bits)  accuracy. 
Nine  and  12  bits  of  computation  accuracy  give  output  accuracies  of  42  dB  (~  7  bits)  and  52  dB  (between  8 
and  9  bits),  respectively. 

A.  M.  Chiang 
M.  L.  Chuang 
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7.  ANALOG  DEVICE  TECHNOLOGY 


7.1  DUAL-CHANNEL,  512-SAMPLE,  256-TAP  ANALOG-TERNARY  CMOS/CCD 
CORRELATOR 

A  charge-coupled  device  (CCD)  dual-correlator  chip  was  designed  and  subsequently  fabricated  at  a 
commercial  foundry  using  a  custom  2-/im  CMOS  process.  A  photomicrograph  of  the  chip  is  shown  in  Figure 
7-1,  and  its  specifications  are  provided  in  Table  7-1.  Each  of  the  two  identical  subunits  within  the  device 
correlates  a  sampled  analog  input  signal  with  a  programmable  binary  reference,  producing  a  sampled  analog 
output  correlation.  Other  than  sharing  common  power  and  ground  connections,  the  two  correlators  are  totally 
independent  of  one  another  and  can  therefore  be  individually  programmed.  This  is  advantageous  for 
applications  requiring  the  simultaneous  processing  of  in-phase  and  quadrature  signal  components. 
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Figure?-!.  Photomkrographofadual-channel,5 12-sample, 256-tapanalog-ternaryCMOSICCD  correlator.  The  chip 
size  is  14.5  x5.6  mm. 


Each  correlator  principally  consists  of  a  5 1 2-sample  CCD  delay  line  tapped  every  other  stage  for  a  total 
of 256  taps.  An  additional  short,  24-sample,  1 2-tap  correlator  section  is  appended  to  the  end  of  each  correlator. 
These  short  sections  can  be  isolated  from  their  long  preceding  sections  when  better  short -code  high-frequency 
jjerformance  is  required.  Taps  are  programmed  in  a  ternary  fashion  to  a  plus,  minus,  or  zero  weight  so  that 
the  correlators  are  ideally  suited  to  the  matched  filtering  of  binary-coded  communication  signals.  The  plus  or 
minus  state  of  each  tap  is  programmed  by  loading  a  reference  code  into  each  correlator,  while  a  separate  mask 
word  is  used  to  determine  which  taps  are  turned  off  for  zero  weight.  Zero  tap  weighting  allows  the  correlator 
length  to  be  adjusted  to  that  of  incoming  codes.  Input  signals  can  be  sampled  at  a  rate  ranging  from  kilosamples 
per  second  to  a  high  of  50  megasamples  per  second  (Msps). 

Because  of  the  amount  of  circuitry  required  to  program  each  correlator  and  the  requisite  large  number 
of  transistors,  CMOS  technology  has  been  employed  to  keep  overall  power  dissipation  below  1  W.  The  circuit 
density  as  well  as  CCD  pitch  are  such  that  only  every  other  stage  of  the  CCD  can  be  effectively  tapped,  so  that 
every  other  sample  resident  within  the  CCD  at  any  time  contributes  to  a  correlator’s  output.  One  consequence 


of  this  arrangement  is  lltai  each  correlator  is  capable  of  processing  two  signals  at  the  same  time.  Independent 
interleaved  correlations  are  produced  at  the  output  as  a  result  of  alternately  sampling  two  signals  at  the  input. 
A  single  signal,  on  the  other  hand,  must  be  double  sampled.  Under  these  conditions,  the  two  resultant 
interleaved  correlations  at  the  output  will  be  identical  so  long  as  input  samples  never  occur  during  code  bit 
transitions.  This  characteristic  can,  therefore,  be  exploited  for  the  fine  tuning  of  sample-clock  timing. 

TABLE  7-1 

Specifications  of  CMOS/CCD  Correlator 

Dual  512-sample,  256-tap  architecture 
Reference  code  weights;  -rl,  0,  -1 
Maximum  sample  rate;  50  Msps 

Minimum  (noise-limited)  dynamic  range  at  50  Msps;  54  dB 
Total  harmonic  distortion  (for  <  10  Msps);  <  -^0  dB 
Electrical  length;  2  to  256  taps 
Power  dissipation;  <  1  W 

On-chip  CCD  clock  drivers  and  50-Q  output  drivers 
On-chip  static  protection 
Ground-centered  inputs  and  outputs 
User-friendly  device  programming  interface 
5-V  CMOS  and  TTL  logic  compatibility 
69-lead  pin-grid-array  custom-designed  package 

Figure  7  2  shows  the  autocorrelation  of  255-chip  ni-sequences  on  different  scales  and  at  different  rates. 
Figure  7-2(a)  was  obtained  by  wafer  probes  at  a  sample  rale  of  0. 1  Msps.  The  top  trace  is  the  input  code  for 
this  case,  and  the  bottom  trace  shows  the  resultant  output  correlation.  Figures  7-2(b)  and  7-2(c)  are  the 
correlations  ciblained  at  5  and  25  Msps,  respectively,  using  packaged  devices.  Since  the  the  w-sequences  are 
continuous,  the  sidelobes  under  ideal  conditions  should  be  perfectly  flat. 

A  number  of  features  have  been  incorporated  to  ease  the  burdenof  interfacing  to  the  chip.  On  the  analog 
side,  inputs  and  outputs  were  designed  for  ground-centered  signals,  eliminating  the  need  to  deal  with  offsets. 
The  digital  programming  inteiface,  on  the  other  hand,  was  designed  to  minimize  signal-to-signal  timing 
problems  while  simultaneously  maximizing  overall  programming  flexibility.  In  this  regard,  all  digital  inputs 
can  be  clocked  concurrently  from  a  common  latch  with  clock  enables  allowing  for  the  use  of  free  running 
clocks,  and  clock  and  strobe  functions  are  fully  edge  triggered  so  that  they  complete  their  tasks  soon  after  a 
rising  edge.  Furthermore,  the  reference  (plus  or  minus)  code  and  mask  word  can  be  independently  loaded  and 
held  without  affecting  the  current  state  of  the  laps.  The.se  stored  patterns  can  then  be  activated  at  any  time  by 
the  application  of  an  updating  strobe  pulse.  For  added  flexibility,  all  digital  inputs  are  both  CMOS  and  TTL 
compatible,  while  the  integral  output  drivers  have  been  provided  with  the  capability  to  drive  50-0  loads,  since 


these  are  often  encountered  in  receiver  applications.  Finally,  the  entire  chip  has  been  designed  to  operate  from 
standard  ±  5-V  supplies. 
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Figure  7-2.  Performance  cfthe  correlator  in  processing  255-chipm-sequences.  Correlations  were  obtained ( a)  by  wafer 
probes  at  0.1  Msps  and  (b),(c)  by  using  package  devices  at  5  and  25  Msps,  respectively. 
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A  69-lead  pin-grid-array  ceramic  package  has  been  custom  designed  for  the  chip.  The  package 
possesses  multiple  bonding-pad  tiers  with  internal  power  and  ground  planes  that  minimize  the  required 
number  of  package  pins  while  providing  significant  shielding  for  internal  signal  traces.  Such  a  structure  is 
expected  to  provide  superior  high-frequency  performance  over  that  provided  by  standard  nonshielded 
package  configurations. 

Overall  performance  of  the  chip  has  exceeded  expectations  for  a  first-run  chip  of  this  size  and 
complexity.  Changes  to  reduce  nonlinearities  and  to  extend  both  the  dynamic  range  and  the  maximum 
sampling  rate  will  be  incorporated  into  the  next  design. 

D.  R.  Arsenault 

7.2  GAS  CONDUCTION  HEATER 

Substrate  temperature  during  deposition  is  one  of  the  most  important  parameters  defining  the 
microstructure  and  electronic  properties  of  thin  films.  Yet,  its  measurement  and  control,  in  the  low-pressure 
ambient  characteristic  of  most  thin-film  deposition  processes,  is  a  problem  that  has  so  far  eluded  a  simple 
universal  solution.  In  most  deposition  systems  the  substrate  is  mounted  on  a  flat  metal  plate  whose  temperature 
can  be  accurately  monitored.  However,  at  pressures  in  the  range  of  tens  of  millitorr  the  thermal  contact 
between  the  substrate  and  plate  is  poor,  owing  to  their  roughness  and  nonflatness.  Even  for  temperatures  in 
the  100°C  range,  heat  transfer  occurs  mainly  by  radiation  [1].  Because  many  substrates  of  technological 
interest  are  transparent  in  the  near  infrared,  and  because  during  film  deposition  the  optical  constants  of  the 
substrate-film  composite  change  continuously,  the  measurement  and  control  of  the  substrate  temperature 
become  extremely  difficult,  and  errors  in  the  range  of  hundreds  of  degrees  in  the  reported  temperature  are  not 
uncommon  [2]. 

A  number  of  solutions  to  this  problem  have  been  proposed.  One  approach  is  to  enhance  the  thermal 
contact  between  the  substrate  and  the  heater  plate,  most  frequently  by  soft  metal  [3]  or  molten  metal  [4] 
interfaces  or  one  of  a  variety  of  “gluing”  methods  [5],[6].  In  the  latter  techniques,  a  paste  of  fine  metal  particles 
dispersed  in  a  binder,  which  is  burned  off,  is  used  to  fix  the  substrate  to  the  holder.  These  methods  are 
cumbersome  and  in  many  cases  introduce  contamination  to  the  process  and  prevent  films  from  being  deposited 
on  both  sides  of  the  wafer. 

Another  approach  is  to  radiatively  heat  the  substrate  while  using  remote  measurement  for  control  of  the 
substrate  temperature  [7].  In  this  case,  pyrometers  are  usually  employed  to  measure  the  substrate  temperature. 
However,  the  rapid  variation  of  the  optical  properties  of  the  substrate  and  film  dictates  the  use  of  sophisticated 
adaptive  techniques,  requiring  knowledge  of  the  infrared  properties  of  the  substrate  and  film  [8],  which  are 
often  unknown. 

A  more  elegant  and  less  cumbersome  solution  to  the  substrate  heating  problem  is  to  create  a  pocket  of 
gas  behind  the  wafer  with  pressure  high  enough  to  ensure  good  thermal  contact  to  the  heater  block.  A  simple 
calculation  shows  that  for  a  thin  layer  of  gas  of  the  order  of  the  mean  free  path  and  a  substrate  temperature 
around  800°C,  a  temperature  drop  of  only  10  to  40°C  is  expected  between  the  heater  and  the  substrate.  The 
exact  amount  of  this  decrease  depends  on  the  efficiency  of  the  thermal  transfer  between  the  gas  and  the 
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substrate  and  heater  [9].  Because  the  drop  is  small,  changes  in  substrate  emissivity  during  film  deposition 
result  in  only  small  changes  in  the  substrate  temperature. 

We  have  implemented  two  heater  designs  based  on  this  idea.  A  simple  implementation  that  we  used  to 
establish  the  feasibility  of  the  approach  is  shown  in  Figure  7-3.  A  cylinder  was  machined  of  3 1 6  stainless  steel 
with  a  6.4-cm  diameter  and  a  3.8-cm  height,  and  one  of  its  plane  surfaces  was  lapped  flat.  The  cylinder  was 
then  annealed  in  vacuum  to  800°C  to  eliminate  thermal  stresses  and  lapped  and  polished  to  better  than  two 
wavelengths  over  the  surface.  A  sealing  ring  of  oxidation-resistant  Haynes  alloy  230  with  an  o.d.  of  5.2  cm, 
an  i.d.  of  4.8  cm,  and  a  height  of  2  flm  was  then  deposited  by  sputtering,  using  a  metal  mask.  A  weighted 
annular  plate  was  employed  to  apply  pressure  to  a  5-cm-diam  wafer  immediately  above  the  sealing  ring,  as 
shown  in  Figure  7-3,  The  weight  was  chosen  such  that  gas  pressures  up  to  40  Torr  could  be  applied  behind 
the  wafer.  Gas  was  introduced  through  a  series  of  holes  connecting  to  a  high-conductance  channel  inside  the 
heater.  The  sizes  of  the  holes  and  the  channel  were  calculated  such  that  the  expected  gas  leaks  through  the  seal, 
due  to  nonflatness  of  the  wafer  and  heater,  would  have  negligible  effect  on  the  gas  pressure  uniformity  behind 
the  substrate.  In  this  simple  implementation,  the  stainless  steel  block  was  heated  by  two  commercially 
available  cartridge  heaters.  A  thermocouple  was  placed  in  a  well  near  the  cartridges. 
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Figure  7-3.  Cross  section  of  the  gas  conduction  heater  with  the  wafer  in  place. 


The  effect  of  adding  helium,  argon,  or  oxygen  behind  the  substrate  is  shown  in  Figure  7-4.  The  substrate 
temperature  was  determined  by  a  25-/xm-diam  wire  thermocouple  attached  to  the  substrate  surface  using  a 
process  previously  developed  in  our  laboratory  [5].  During  these  measurements  the  heater  block  temperature 
near  the  thermocouple  was  maintained  at  740°C.  The  figure  shows  that  the  temperature  of  the  substrate  rises 
from  380  to  680°C  when  the  pressure  is  raised  from  0  to  30  Torr.  Little  difference  is  seen  between  the  gases. 
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The  higher  heating  transfer  due  to  the  low  mass  of  helium  is  offset  by  a  lower  efficiency  of  heat  transfer 
between  the  helium  and  the  heater  and  substrate  surfaces.  For  pressures  >  20  Torr  the  substrate  temperature 
is  only  a  weak  function  of  gas  pressure,  so  pressure  control  is  not  critical. 


PRESSURE  (Torr) 


Figure  7-4 .  Variation  of  the  surface  temperature  of a  LaAlO  j  wafer  with  gas  pressure  in  the  volume  behind  the  substrate. 
The  temperature  of  the  heater  immediately  below  the  substrate  is  estimated  to  be  710°C. 

Figure  7-5  shows  the  difference  in  temperature  between  two  points  on  the  substrate  surface,  one  in  the 
center  of  the  substrate  and  the  other  near  the  clamping  ring  that  applies  pressure  to  the  substrate.  Oxygen  was 
used  for  these  measurements.  The  maximum  temperature  difference  is  <  1  °C  for  substrate  temperature  in  the 
range  of  680  to  720®C.  These  are  the  temperatures  of  interest  for  deposition  of  good,  high-Tj  superconduc¬ 
tive  oxide  films.  The  gas  flow  necessary  to  keep  30  Torr  behind  the  wafer  during  the  measurements  was 
<  5  X  10  '  seem. 

A  second  version  of  the  gas  conduction  heater  using  springs  instead  of  a  weight  to  press  the  substrate 
against  the  .sealing  ring  was  also  built.  This  version  was  used  in  a  sputtering  system,  where  the  substrate  and 
target  are  positioned  vertically,  to  deposit  uniform  YBCO  films  ontoa  7(X)°C,  5-cm-diam  LaA103  substrate. 
Use  of  this  gas  conduction  heater,  with  oxygen  as  a  conduction  medium,  should  allow  deposition  of  films  on 
both  sides  of  the  wafer.  Films  of  YBCO  are  unstable  at  high  temperature  in  the  absence  of  oxygen.  Calculations 
based  on  measured  elastic  properties  of  LaAI03  indicate  that  the  extension  of  the  method  to  7.5-cm-diam 
substrates  is  feasible. 

A.  C.  Anderson 
R.  S.  Slattery 
A.  C.  Westerheim 
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Figure  7-5.  Difference  between  the  temperature  at  the  center  of  the  substrate  and  in  a  position  6  mm  from  the  clamping 
ring  as  a  function  of  the  temperature  at  the  center. 
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